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A b stra c t
“The Development of Colorimetric pH Sensors and Optical-Based Detection for 
Monitoring Spoilage Volatiles from Packaged Seafood.” 
Liam Byrne
My PhD programme of research at the National Centre for Sensor Research 
has focussed on the development of colorimetric sensors based on pH 
indicator dye chemistry. Part of the research programme was funded by the Marine 
Institute of Ireland and Bord Iascaigh Mhara (the Irish Sea Fisheries Board). This 
was specifically to develop a colorimetric headspace gas sensor to monitor the 
release of volatile spoilage compounds from fish samples. In our approach, the 
sensors reacted with target spoilage compounds to produce a measurable change in 
colour. Novel spectral and colour processing techniques were used to quantitatively 
monitor changes in the sensor response.
The sensor formulation developed was optimised and the sensor response was 
characterised and calibrated to headspace ammonia. An experimental setup was 
devised for the routine screening of different fish species in parallel. The microbial 
populations of fish samples during spoilage were determined, and the working sensor 
correlated to microbial populations of fish samples tested and to the concentration of 
headspace spoilage compounds released during the course of a spoilage experiment. 
In the final section of work, a novel handheld colour scanner device was developed 
to enable routine measurements of colour changes to be made “on-package”. The 
device uses 2 LEDs for illumination and a photodiode for detection, and is a low 
cost, portable device that can be battery-operated. The combination of scanner and 
sensor was tested with real fish samples, and the results obtained show that the 
system is operating satisfactorily.
xiv
Abbreviations
au Absorbance Units
CCD Charge Couple Device
CFU Colony Forming Units
CTABr Cetyltrimethylammonium Bromide
DBP Dibutyl Phthalate
DMA Dimethylamine
DOS Dioctyl Sebacate
EM Electromagnetic
FOCS Fibre-Optic Chemical Sensors
GC Gas Chromatography
HOMO Highest Occupied Molecular Orbital
ISE Ion-Selective Electrode
LOD Limit of Detection
LUMO Lowest Unoccupied Molecular Orbital
MCC Minimum Correlation Coefficient
MS Master Spectrum
n h 3 Ammonia
NPOE 2-Nitrophenyl Octyl Ether
PARISS Prism and Reflector Imaging Spectrometer System
PET Polyethylene Teraphthalate
Protein-N Nitrogenous Protein
PYC Polyvinyl Chloride
QIM Quality Index Method
RAM Random Access Memory
RGB Red, Green and Blue
ROI Region of Interest
RSD Relative Standard Deviation
S/N Signal to Noise
SSO Specific Spoilage Organisms
SSR Sum of Squared Residuals
TEOS T etraethoxysilane
Tg Glass Transition Temperature
X V
TMA Trimethy lamine
TMAO Trimethylamine Oxide 
TMOS Tetramethoxysilane
Total-N Total Nitrogenous
TVB-N Total Volatile Basic Nitrogen
TVC Total Viable Count
UV-Vis Ultraviolet-Visible
I
xvi
P ro logue
It was the aim of this project to produce sensors that could be incorporated into fish 
packaging to give an indication, visual or otherwise, of the point of spoilage of a 
sample. Chapter 2 describes the development of an on-package sensor to monitor the 
levels of TVB-N of spoiling fish samples. Different components in the sensor 
formulation were routinely tested to determine which produced the most 
homogeneous sensors. This included a study of different plasticisers in the matrix, 
altering the printing and drying conditions of the sensors, varying the amount of 
polymer binder and studying different ratios of binder to plasticiser. Two analysis 
methods were used to determine the homogeneity of the sensors. A rapid screening 
method based on digital imaging techniques was developed, and more in-depth 
analysis of those sensors of interest was performed using an imaging spectrograph 
system. These techniques facilitated the development of a homogeneous sensor dot 
based on cresol red physically entrapped in plasticised cellulose acetate. A study of 
the shift in pKa of the dye in the matrix compared to in free solution was performed, 
and an investigation of the effect of dye loading on the sensor allowed an optimised 
dye concentration to be determined. A study of the effect of temperature on the pKa 
of the dye was carried out, and the depth profiles of the sensor dots were determined. 
The sensors were calibrated against ammonia in headspace, to demonstrate the 
feasibility of the sensors for monitoring TVB-N levels.
Chapter 3 describes the development of an experimental design that facilitated the 
routing screening of up to 24 real fish samples in parallel, using the sensor developed 
in Chapter 2. The real fish samples tested were whiting, cod, orange roughy and 
black scabbard. All the samples tested caused significant changes in the sensor 
colour. Reflectance UV-Vis measurements allowed the colour changes to be 
quantified, and results from this chapter clearly demonstrate that the sensors are ideal 
for monitoring TVB-N levels in headspace.
Chapter 4 is a key chapter in all of the results presented. A focus was placed on the 
cod species, and reflectance measurements of the sensors were taken for different 
fish to quantify the reproducibility of the sensors, some of which were produced in 
different batches. Samples were removed from the fish at fixed intervals, and the
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microbial populations of the samples were quantified, for both the total viable counts 
and the pseudomonas species. The headspace TVB-N levels released during spoilage 
were also quantified at fixed time intervals. The correlation of the sensor data to the 
microbial populations and to the headspace TVB-N levels was determined, and this 
allowed the sensor response at the critical threshold of spoilage to be determined.
Chapter 5 focuses on the characterisation of a newly developed portable handheld 
colour scanning device for on-package analysis of the sensor response. The device 
was calibrated against the cresol red sensors and was compared to data from a 
benchtop colour reference measurement system. A number of real fish samples that 
were “use-by” date stamped from a local supermarket were tested with the 
combination of sensor/scanner, and the correlation between the colour threshold at 
the point of spoilage and the dates on the package was determined. Finally in chapter 
6, the conclusions of the thesis and future work sections that could be performed to 
extend this project are outlined, and a brief attempt is made to place the work in this 
thesis into a wider context.
T h e o r y  a n d  B a c k g r o u n d
1.1 Chemical sensors
A chemical sensor is a device that provides information to a user about the chemical 
nature of its environment [1], It typically consists of a physical transducer and a 
chemically selective layer. The chemically selective layer interacts with the 
environment to produce a measurable signal via transduction (Figure 1.1).
C h e m i c a l l y - s e l e c t i v e  l a y e r
P h y s i c a l  t r a n s d u c e r
S i g n a l
Figure i .l :  Schematic of operation of a 
typical chemical sensor. The analyte of 
interest interacts with the chemically 
selective layer, to produce a measurable 
signal via a transduction event.
The chemically selective layer is the “heart” of the sensing device. It controls factors 
such as the selectivity of the device (its ability to interact primarily with the analyte 
of interest), the sensitivity (the signal generated per unit concentration of the 
analyte), the lifetime, and the response time of the device [1], Its composition is 
crucial to the developed sensor, as it governs all of the aforementioned properties. In 
Figure 1.1, the analyte of interest (shown as squares) is recognised by the chemically 
selective layer, causing some result (e.g. a binding event) that is detected by the 
physical transducer, to generate a measurable signal. An ideal sensor should have a 
high signal-to-noise (S/N) ratio and a fast response that is both selective and
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sensitive, with no hysteresis of the signal. Ideally, no sampling, reagent addition or 
dilution step should be required, and the data should be available in real-time [2].
The interaction of a chemical species (X) with a typical reversible chemical sensor 
(S) can be described by the following equilibrium [3]:
k f
X+S XS
V
r Equation 1 .1
where kf, kr = rate constants for forward and reverse reactions.
The ratio of the rate constants describes the equilibrium constant, K\
—  =  a *S Equation 1.2
k r ax as
where a= activity of a species, defined as:
a = fC  Equation 13
where f=  activity coefficient
C = concentration of analyte of interest.
The response time of a sensor is hence heavily influenced by the value of the rate 
constants, together with the mass-transport parameters of the analyte of interest 
involved in the transduction mechanism of the sensing scheme (Figure 1.1).
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1.1.1 Modes of transduction
Transduction plays a vital role in any sensor and many different transducers are 
commonly used in modem sensing technology. There are four principal modes of 
transduction, namely methods involving thermal, mass, electrochemical or optical 
transduction. Thermal sensors involve the use of a thermal probe to measure the heat 
involved in a chemical reaction, taking place in a chemically selective layer coated 
onto the probe [4], Catalytic sensors that can detect low concentrations of flammable 
gases in air for safety reasons in mining operations are a typical example. Mass 
sensors measure changes in mass on a chemically selective layer due to specific 
interactions between the sensor and target molecules [5]. One common example of 
mass sensing is the use of piezoelectric crystals in quartz crystal microbalance 
devices that are used typically in the so-called “electronic nose”.
Electrochemical sensors represent the most well-established and oldest group of 
chemical sensors [6], Techniques such as potentiometry, voltammetry and 
amperometry have all grown out of the field of electrochemistry to become widely 
used techniques [7]. Analytical potentiometry involves measuring the electromotive 
force (emf) in a cell where a spontaneous chemical reaction is occurring [7], The 
most common example of an ion-selective electrode (ISE) is the glass-membrane 
electrode that is used worldwide for pH measurements, due to its very high 
selectivity for H3 0 + ions and its chemical ruggedness.
1.1.2 O p tica l sensors
Optical sensors, according to Wolfbeis, “have always played the dominant role in 
various fields of analytical sciences” [8]. Optical sensors involve the reaction of a 
chemically selective layer with a species of interest to produce changes in the optical 
properties of the sensor. This may be a change in absorbance or fluorescence 
intensity, and is typically detected colorimetrically or spectrally. Optical sensors are 
extremely well established, dating back to the ca. 1930s when pH indicator paper
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was developed, by immobilising pH indicator dyes on cellulose strips [8]. Fibre-optic 
chemical sensors are another example of a huge field that rely on optical transduction 
to detect analytes of interest. Optical sensors have a number of advantages over other 
sensing methods [9], such as:
• No separate reference signal is required, unlike electrochemical sensors.
• Transmission of signals over very large distances has been made possible by 
developments in fibre-optics from the telecommunications industry.
• No electrical interference from surrounding sources occurs.
• Coupling of sensors to create arrays or bundles of sensors is much simpler 
than for electrochemical sensor arrays. There is direct physical contact 
between the signal pathway and sensing membrane, which facilitates 
simultaneous monitoring of many analytes of interest without crosstalk 
between sensors.
• Optical sensing is typically a non-destructive method, a key issue when only 
small amounts of sample are available.
• The simple design of most optical sensors make them more suitable for mass 
production than their electrochemical counterparts.
There are of course disadvantages of optical sensing over other sensing methods, 
namely:
• Interference from ambient light. This only affects visible sensors and requires 
strict control over the surrounding environment where a measurement is 
taken. Conversely, this is not an issue in optical fluorescent sensing.
• The response time for analytes with small diffusion coefficients is typically 
poor, as mass transfer is necessary before a steady-state equilibrium is 
reached.
• Sensors with immobilised indicators are prone to leaching when placed in 
solution. This is also an issue for electrochemical sensors.
• For pH sensors, the dynamic range is much less than that available from the 
common pH glass electrode.
5
Thus optical sensors are widely used for sensing in many common and extensively 
funded areas of research, such as environmental sensing, diagnostics and clinical 
testing.
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1.2 Principles o f spectroscopy
Spectroscopy can be defined as the study of the interaction of electromagnetic (EM) 
radiation with matter, and it occurs over a broad range of frequencies [10]. Typically, 
a sample (be it gas, liquid or solid) is irradiated with monochromatic (i.e. single 
wavelength) light, and the interaction between the two is measured by comparison to 
the original wavelength source. Different frequencies of EM radiation give inherently 
different information about a sample, and Table 1.1 gives a summary of the range of 
molecular spectroscopies available to optical sensors [10].
Region Wavelength / 
pm
Transitions
studied
Information
obtained
Energy of transition 
/kJ mol'1
Far-IR 10-1000 Rotations Interactions 0.42
IR-Raman 1-10 Vibrations Functional 4.2
groups
UV-Vis 0.1-1 Electronic Ionisation 42-420
shell energy
X-ray 0.01-0.1 Electronic Bond 420-4200
core dissociation
Table 1.1: Summary of molecular spectroscopies and their applications.
1.2.1 E lec tro m ag n e tic  rad ia tio n
EM radiation itself is made up of two sinusoidally oscillating electric and magnetic 
fields, in phase, that are perpendicular to each other (Figure 1.2).
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The wave travels through space with a velocity (c) of ca. 3 x 108 m s'1. The 
frequency (v), wavelength (A) and velocity are related by [10]:
Ad =  C Equation 1.4
Light energy may be considered to be quantised, meaning that it does not exist at all 
energies, but at definable energy levels known as quanta. Each quantum of energy 
( AE) is called a photon, and is defined by the classical Bohr model [10]:
he
AE  =  —  Equation 1.5
A
where A= Planck’s constant, 6.63 x 10'34 J s.
Hence, energy is seen to increase with frequency (Table 1.1). Wavenumbers are 
sometimes used instead of frequency, and are the inverse of wavelength (cm'1) [12]. 
Wavenumbers thus also increase with energy.
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1.2.2 UV-Vis spectroscopy
Optical sensors operate primarily in the ultraviolet (UV) and visible (Vis) regions of 
the EM spectrum [10]. Hence, the interactions are limited to electronic transitions 
that occur when a beam of radiation (intensity Ia)  is absorbed by a sample (Figure 
1.3), leading to a decrease in the intensity of the beam (intensity I). Absorption is the 
inverse of transmission, e.g. a sample that absorbs no energy will hence transmit 100 
% of the light intensity, i.e. I0 = I.
_ \J /_  _  A
L i g h t  
s o u r c e
S a m p l e
I
---------- ► D e t e c t o r
Figure 1.3: A sample of interest in irradiated with intensity /„, transmitting a beam of intensity 
I, following absorption of some of the incident radiation.
Typically, the frequency of the irradiating beam is scanned, and the degree of 
absorption of the interacting light varies, to produce an absorption spectrum. When a 
molecule absorbs a photon of light of the correct energy (Equation 1.5), it is excited 
from its electronic ground state to its first excited state. Each electronic state has a set 
of vibrational sub-energy levels, in which the energy separating the states is much 
lower than the energy between electronic states. The excited molecule can then lose 
its energy by relatively weak rapid collisions, or radiatively, i.e. fluorescence.
1.2.2.1 Beer-Lambert Law
The absorbance (A) of a species of concentration C is characterised by the Beer- 
Lambert law (often shortened to Beer’s law) [13]:
9
1 = Io \0 ~ ecL Equation 1.6
where e = molar absorbtivity / L mol'1 cm'1, a measure of the degree of probability 
of an electronic transition from ground to an excited state,
L = light path length /cm.
This is often rearranged to the more common form shown:
A = log ' I '10 = eCL Equation 1 .7
On a practical level, this main outcome of this equation is principally when /„ and / 
are known, die absorbance can be calculated, and is directly proportional to the 
concentration of an absorbing species. This is often used to generate linear 
calibration curves, to relate an unknown concentration of a species to its absorbance. 
Additionally, deviations from Beer’s Law are commonly seen when monochromatic 
light is not used, or in samples that are highly absorbing or highly scattering [13].
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1.3 p H
pH is defined as a measure of the amount of hydrogen ions in solution [14]. For an 
acid HA, the following dissociation produces hydrogen ions (sometimes called 
protons, H+, or more correctly H3 0 h ):
HA+H20  — H30 + + A_ Equation 1.8
This is based on the Bransted-Lowry definition of acids and bases from 1923, which 
defines an acid as a proton donor, and a base as a proton acceptor [15]. Sorensen et 
al. did much work on the field of pH, and in 1909 proposed a definition of the 
hydrogen ion activity [16]:
pH = -loga^ q +  Equation 1.9
where ax implies activity of species x [a].
Hence, a stronger acid drives Equation 1.8 to the right hand side, which produces 
more hydrogen ions, which by definition has a lower pH value. This is the standard 
definition of pH. The relative strengths of acids and bases are described by their 
dissociation constants (Ka), defined as the ratio of dissociated species to 
undissociated [17]:
[H ,0+][A‘]
K = — ---- —---- - Equation 1.10
[HA]
a In solutions of low activity and ionic strength, the activity coefficient approximates unity and 
concentration terms are typically used in place of activity, [x] implies the concentration of x.
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From which the following expression is derived, the Henderson-Hasselbalch 
equation [17]:
[A”lpH = pKa+ log10 Equation 1.11
where the pKa is defined as the negative logarithm of the dissociation constant. A 
stronger acid will have a lower pKa, whilst a weaker acid will have a higher pKa.
1.3.1 D ete rm in a tio n  o f pH
Two commonly used methods are typically used to determine pH. The 
electrochemical method of pH measurement is used in laboratories worldwide and it 
is the gold standard for pH measurements in solution. The pH function of the glass 
electrode was first discovered at the start of the last century in 1906 [18]. A pH meter 
is essentially a high impendence millivolt meter that measures the changes in cell 
potential arising from ion-exchange processes occurring at the electrode membrane 
in contact with the sample solution. pH meters are convenient to use, require little 
maintenance, can measure in a variety of environments often without strong 
interferences and are relatively inexpensive. However, they require calibration at two 
pH values before measurements are taken if the slope of the measurement is 
required.
1.3.2 p H  in d ica to rs
pH indicator dyes are typically weak organic acids that change colour as a function 
of the acidity of the surrounding environment, which is usually aqueous [19]. pH 
indicators may be characterised formally on the basis of their pKas [17], and 
hundreds are available that range across virtually all pH values [20], For a particular 
application, the pKa of a dye should be close to the pH range that the user requires.
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An approximate definition is that the working range of an indicator in solution is ± 1 
pH unit of the pKa [17].
1.3.2.1 Theory of chrom ophores
pH indicators are based on molecular groups that are characteristically coloured, and 
Witt in 1876 found a relationship between the colour of an indicator in solution and 
chemical groups of the compound, which he termed chromophores [17]. Typical 
chromophores are shown in Table 1.2. Note that the common chemical feature is the 
presence of double bonds, i.e. conjugation.
Group Formula Group Formula
Nitro
Azo
Carbonyl
Thiocarbonyl
-N02
-N=N-
-C=0
-c=s
Nitroso
Ene
Azoxy
Azoamine
-N=0
>C=C<
-N=N-0-
-N=N-NH-
Table 1.2: Typical chromophores and their chemical compositions.
In order to fully understand why chromophores are coloured, it is necessary to 
explain more fully the electronic transitions that occur at a molecular level. There are 
a number of electronic energy levels in a molecule [21]. Each of these in ascending 
order of energy are:
Bonding o (a) - least energetic 
Bonding n (%)
Non-bonded (T|)
Antibonding tu (k )
Antibonding a  (a*) - most energetic
Pairs of electrons occupy each of the electronic energy levels. In some cases, a lone 
electron in an orbital may be able to undergo an energy transition, provided that the
transition is allowed and favourable. The energy gap of this transition must match 
exactly to the energy of an incoming photon, since the energy levels are quantised. 
Excitation of an electron occurs between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) [19]. The transitions 
of most importance in pH indicator dyes are n to n* transitions (Figure 1.4).
B o n d i n g  n
L U M O
E  oc 1
X
H O M O
Figure 1.4: Electronic transition of most importance in indicator dyes.
One or more non-bonding orbitals (r|) can be present between the K and the n 
orbitals. These contain electrons that do not contribute to the bonding in the
 ^ e
molecule, e.g. lone pairs of electrons from nitrogen bonding. T) to n transitions are 
also possible, but contribute less to the colour of a dye. Calculations have shown that 
the presence of chromophores in a molecule decreases the energy gap between the 
HOMO and LUMO, by raising the HOMO energy and lowering the LUMO energy 
(Figure 1.4), i.e. shifting the emitted radiation to longer wavelengths [19]. Hence, 
molecules that contain extended conjugation are typically coloured and this gives rise 
to a visible absorption band. Generally, an increased amount of conjugation increases 
the light absorption, and shifts the Amax to longer wavelengths (lower energy).
Ring substituents also play a vital role in altering the energy gap between the HOMO 
and LUMO, and hence the Xmax of the absorption spectrum. These groups have an 
important affect on the colour of a compound, but are not by themselves coloured, 
For this reason, they were termed auxochromes by Witt [17], Electron donating 
groups such as methyl groups have the effect of stabilising a molecule by feeding
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electron density into a delocalised n  system. This decreases the HOMO energy level 
(more stable), hence making the energy required for a K to 71* transition larger. This 
shifts the wavelength maximum of a dye to lower wavelengths. Conversely, electron 
withdrawing groups such as nitro or halogen groups reduce the stability of a 
molecule by pulling electron density out of a delocalised n  system. This raises the 
HOMO energy level (less stable), leading to a lower energy requirement for a n to n 
electronic transition. This has the effect of shifting the wavelength to a higher value.
1.3.2.2 Relationship to spectral features
When a pH indicator dye is placed in solution of pH greater than the pKa of the dye, a 
proton is removed, since the dye itself is a weak acid. This displacement causes a 
change in the electronic distribution within the molecule, which is expressed as a 
change in the colour of the dye. Bromophenol blue, for example, has a pKa of 3.8 and 
is a commonly used pH indicator dye [20]. Chemically, it consists of many of the 
chromophores shown in Table 1.2 (Figure 1.5). The removal of the acidic proton 
causes a distinct change in the spectra of the dye, and Figure 1.6 shows the spectra of 
the protonated and deprotonated forms of bromophenol blue.
O H
Figure 1.5: Removal of the acidic proton of bromophenol blue. The labile proton is highlighted 
in bold.
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W avelength  (nm)
Figure 1.6: Removal of the acidic proton causes a distinct shift in the ^raaj of bromophenol blue, 
from 438 nm (yellow) to 580 nm (purple).
This example clearly highlights how large spectral changes can result from small 
changes in pH of the surrounding environment. It also shows the narrow working 
range of a pH indicator dye.
1.3.2.3 Factors affecting the colour changes of pH  indicators 
Indicator concentration
High amounts of indicator dye reduce the limit of perceptibility of a visual transition 
interval. Generally, the colour change occurs over a broader wavelength range at 
higher indicator concentrations [17]. This occurs if the absorption peaks of the two 
forms of the dye are overlapping each other, which greatly reduces the sensitivity of 
the colour change. It also requires more sample to generate the colour change.
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Dissolved CO2
Carbon dioxide is greatly soluble in alkaline conditions. For this reason, dyes with 
high pKa values are all significantly sensitive to the presence of CO2 in the 
surrounding environment of the solutions in which they are prepared. Removal of 
CO2 by boiling is typically performed prior to addition to the measurement solution 
[17].
Solvent effects
The ion product of water (Kw) [22] is defined as:
K w = [H30 +][0tr] = 1(T14 Equation 1.12
Hence, using the Henderson-Hasselbalch relationship (Equation 1.11), the pKa is 
defined as:
pKa = 14 + log)0 j^ j - lo g [ O H  ] Equation 1.13
However, logio of Kw is only -14 in pure aqueous solutions, and the addition of 
organic solvents can have a major effect on the pKa of the dye. This is most 
noticeable in alcoholic solvents [17]. Hence, when a pKa value of an indicator dye is 
quoted, the solvent conditions must also be reported.
Temperature
At elevated temperatures, the colour of acid-sensitive indicators is typically shifted 
more towards the acidic direction, and the colour of alkali-sensitive indicators is 
typically shifted more towards the alkali direction. This effect is not completely 
understood. The most common (and simple) explanation is that the ion product of
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water varies greatly with temperature, shifting from 14 at room temperature to 12.2 
at 100 °C [17], This affects the pKa as shown in Equation 1.13.
Salt effects
The presence of foreign neutral salts will shift the transition interval of an indicator 
acid more towards lower pH values, i.e. higher proton concentrations, and shift an 
indicator base more towards the higher pH values, i.e. lower proton concentrations. 
This can be explained by the theory of Debye and Hiickel, which describes the 
relationship between the apparent pKa (pKa') and the ionic strength (fi) of a solution. 
For each of the three charge types of indicators, the pKa alters as:
HA+ — H+ + A 
=» pKa'=pK a+ 0.5
HA — H+ + A'
—^ pKa pK-a - 0.5 [X
HA' — H+ + A2' 
pKa pKa ~l-5 -\f/J
The error introduced for an indicator dye with two negative charges is thus large. It is 
clearly important to regulate all of the experimental conditions mentioned that can 
have substantial effects on the pKa of the indicator dyes.
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1.4 Applications o f p H  indicator dyes
Immobilisation of pH indicator dyes is a key issue in the design of optical pH 
sensors. Three main classes of optical sensors are typically produced by 
immobilisation of indicator dyes onto a substrate, and these will be covered in detail 
in the coming sections. Each of these methods produces sensors that have inherently 
different properties, and hence are suitable for different applications. In all optical 
based sensing, the general principle is that the reaction of an immobilised dye with a 
target analyte causes a change in the optical property of the sensor (Figure 1.7).
\ l /
L ig h t
s o u r c e
I m m o b i l i s e d
in d ic a to r
D e te c to r
Figure 1.7: General schematic of optical sensing. The indicator is immobilised on a surface, and 
interaction with the target analyte (X) causes a change in the optical properties of the sensor.
1.4.1 Selection of p H  in d ica to r dye
There are a number of requirements to be met when choosing a pH indicator dye for 
an application, and these include [23]:
• A pKa close to the pH range of interest.
• Large separation between the two absorption peaks, to improve the sensitivity 
of the response, as overlap can be a problem.
• Strong absorption in the visible region (ca. 400 nm -  700 nm), to allow
inexpensive optics to be used to measure the optical properties. Strong
absorption is expressed through a high extinction coefficient, e.
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• Chemical stability and photostability. This relates to the sensor before 
exposure to the analyte (e.g. to infer a long shelf-life), and to the stability of 
the changes in optical properties, so that these can be measured easily.
• The availability of chemical functional groups for immobilisation purposes. 
This is most relevant in the case of covalent immobilisation of indicator dyes.
The selected pH indicator dye is typically immobilised onto a surface, and the 
interaction of the immobilised dye and the target analyte is monitored via optical 
detection. A review of the literature reveals that there are a number of novel 
substrates that are used for optical pH sensing, and each of these are covered in 
the following sections.
1.4.2 Im m o b ilisa tio n  m ethods
Immobilisation is thus a key feature of sensor design. The following points must be 
taken into consideration when choosing a method for immobilisation [24]:
• Compatibility of the reagent with the immobilisation method.
• Tolerance towards leaching; leaching can in some instances be tolerated but, 
in other applications such as in the food or medical industries, leaching can 
be a major concern. In general, it is better that it does not happen.
• The reproducibility of the immobilisation method.
• The complexity of the immobilisation method.
• The influence of the immobilisation method on the chemically selective layer, 
e.g. changes in sensing properties.
• Physical and chemical properties that are required of the support matrix, e.g. 
gas sensors must have high permeability for target analytes in order to have 
fast sensor response times.
• The ease by which the immobilisation procedure can be transferred to mass 
production. This point is of key importance in any commercial applications of 
the sensor.
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An excellent recent review by Lin [25] covers applications of each main method of 
immobilisation in much more detail than is possible here. Dyes are typically either 
covalently bound, or physically entrapped into a polymer matrix. In covalent 
binding, the indicator dye is covalently linked onto a solid substrate. The main 
advantage of forming a covalent bond is that the dye is strongly linked into the 
polymer and cannot leach from the matrix when the sensor is placed in solution. 
However, this approach is typically highly complex and time-consuming, and should 
only be used if necessary. Another approach is to entrap the indicator in a porous 
polymer substrate, which has the advantage of being quick and simple. Leaching 
may occur if the sensor is placed in solution, so the working environment and 
tolerance to leaching must be considered when designing an immobilised dye sensor.
1.4.3 F ib re-o p tic  b ased  p H  sensors
Fibre-optic based chemical sensors (FOCS) are a relatively recent field that grew out 
of advances in the telecommunications industry [8]. FOCS can be classified as those 
that are direct spectroscopic sensors, in which the fibre operates as a lightguide, or 
reagent-mediated sensors, often termed optrodes (from optical-electrode) [26]. The 
latter is most relevant here, and this review is limited to this group of sensors.
Reagent-mediated FOCS involve immobilising an indicator onto a fibre tip (Figure
1.8), which can be a single fibre, or a bunch of fibres. Light propagates through the 
fibre-optic by the phenomenon of total internal reflection, since the cladding of the 
fibres has a higher refractive index than the inner core. Light can be passed over long 
distances, and FOCS can offer the advantage of imaging, as well as chemical 
sensing.
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Light source 
Detector
Im m obilised
indicator
Figure 1.8: Schematic of reagent-mediated FOCS (optrodes). The analyte (X) reacts with the 
immobilised indicator, and the changes in optical properties are measured. The fibre-optic is 
surrounded by cladding of a higher refractive index (not shown).
This approach has a number of attractive properties, namely [26]:
• The optical techniques used are already well established.
• Remote in-situ monitoring of analytes in hazardous or difficult locations is 
possible, e.g. groundwater monitoring.
• Devices based on fibres are relatively simple to miniaturise, due to geometric 
flexibility and advances in the telecommunications industry, from which the 
development of fibre-optics has been huge.
A recent biennial review by Wolfbeis on FOCS and biosensors [27] reveals that this 
is a flourishing area of research, with ca. 140 papers published on this topic in the 
past two years. The main areas of interest are identified as time-resolved and 
spatially-resolved spectroscopy, surface plasmon resonance and multi-dimensional 
data acquisition.
A limited number of papers are present in the literature that describe the use of pH 
indicator dyes immobilised onto FOCS for pH monitoring. One paper describes 
immobilising phenol red (pKa7.5) by adsorption onto a thin coating of resin mounted 
on the surface of an optical fibre [28], This was developed for monitoring the pH of 
seawater, which is a special environment due to the variable temperature of the water 
and its high salinity, which can introduce a large salt error. A single fibre-optic tip 
was used to monitor the changes in absorption at the A,max of the dye as a function of 
pH, and a study of the effect of temperature and salinity on the readings was
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performed. The device was found to have a working range of ca. 2 pH units, which is 
typical of such sensors. A linear dependence on salinity and temperature response 
was reported within the ranges most typically encountered, although the chemistry 
behaves erratically at the extremes of both. The data obtained was comparable to 
data from a glass electrode within the range of linearity [28].
One advantage of FOCS is the small sizes that can be prepared to produce so-called 
submicron optochemical sensors. Wolfbeis et al. recently described sensors for pH 
monitoring on fibre-optic tips that ranged from 50 to 300 nm in diameter [29], The 
pH indicator dye bromothymol blue was used in a donor-acceptor complex as the 
acceptor from a luminescent donor. The indicator complex was immobilised onto 
polymeric membranes based on hydrogels that were spin-coated onto fibre-optic tips, 
and the change in decay time as a function of pH was measured. Excellent results 
between pH 6 and 8 were achieved, and the sensor is hence suitable for 
measurements in typical physiological fluids.
Walt at Tufts University, Massachusetts, has published several papers on the use of 
arrays of sensors on fibres for pH sensing, amongst other examples. The challenge of 
monitoring pH in whole blood was targeted by the use of many sensing sites 
photopolymerised onto the ends of fibres [30], Three individual pH-sensing areas are 
presented on a single sensor, and the degree of fluorescence of the active sites are 
measured and spatially discriminated by the use of a charge-couple device (CCD) 
based video camera.
This approach was taken further by immobilising Nile Red on fibre-optic tips and 
measuring the changing response patterns obtained upon exposure to different 
organic vapours [31]. This approach is essentially mimicking the olfactory system. 
By immobilising the dye in polymer matrices of varying polarity, hydrophobicity, 
pore size, flexibility and tendency to swell, sensing sites that respond differently 
when exposed to different vapours were prepared. 14 different polymers were used in 
this study [32], The mode of coating was also varied from photopolymerisation to 
solvent evaporation dip-coating, to create arrays of different sensors. A CCD array
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was again used to discriminate between the sensing sites. The developed 
methodology has been refined to create sensing arrays with hundreds of sites on a 
single fibre-optic tip [33], The signals from each of the different fluorescent sites 
based on phenol red are powerful enough to allow 6 different analytes to be 
discriminated. 3 simple odours (toluene, acetone and 1,3-dinitrotolune) and 3 
complex odours (coffee beans) were successfully discriminated. The main difficulty 
with these sensing arrays is that a reduction in size typically equates to a reduction in 
signal. By using many sensing sites on the one tip, Walt has developed a novel 
approach around this.
1.4.4 Sol-gel based  p H  sensors
Sol-gels are silica based (glass) films that have found much application in the 
entrapment of indicators for pH sensing [34], They are produced from silicon 
alkoxide precursors that undergo various reactions to produce films of different 
densities. The most common precursors are tetramethoxysilane (TMOS) and 
tetraethoxysilane (TEOS). A nanoporous nondensified glass matrix can be produced 
if the cocktail of water, ethanol and precursor in hydrochloric acid (catalyst) are 
correct, and if the temperature-curing program used is less than 200 °C. The sol-gel 
acts as a support matrix for analyte-sensitive indicator dyes, which are added to the 
precursor cocktail prior to coating onto a substrate. Dip-coating onto planar surfaces 
is typically performed, followed by drying at 70 °C for 18 h [34], Careful selection of 
the dopant indicator molecule in general ensures that leaching is not an issue.
Lin and Liu recently described a sol-gel based optical pH sensor with a linear 
response over a broad pH range [35], Four pH indicator dyes were used in this study, 
namely bromocresol green, bromocresol purple, phenol red and thymol blue. These 
four similar sulphonephthalein indicators were selected on a basis of their pKa 
values, which ranged from ca. 4 to 8. Additionally, the base forms of the four 
indicators all have similar spectral features. A linear pH response over 4 pH units 
was obtained for the dyes in free solution. Three of the indicators were co-entrapped
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into a TMOS sol-gel glass film, and a linear response over 3.5 pH units was 
obtained. A linear response over a large pH range is not possible with a single 
indicator dye and the approach taken here is favourable since it lends itself to a 
simple calibration procedure. Furthermore, the sensors had constant sensitivity over 
the working pH range, which was achieved by matching the concentration of 
individual dopant indicators, and choosing those dyes that had a ApKa of 
approximately 1.5 (this value was derived empirically by testing different ratios of all 
four indicators). The authors propose that this method could be extended to 
developing sensors with an even wider pH range.
Sol-gel chemistry was combined with recent advances in pin-printing technology to 
produce chemical sensor arrays for simultaneous monitoring of pH and 0 2 [36], The 
use of smart pin-printing techniques allowed sensors 100 (im in diameter and ca. 2 
(.im thick to be produced, at a rate of < 1 s per sensor, per pin used. The pH sensing 
indicator used was fluroescein-labelled dextran, which was mixed into a sol-gel 
cocktail of TEOS and TMOS. The arrays were exposed to pH buffers in solution, and 
the response was measured by excitation with an argon laser, and detected with a 
CCD array. The response is linear in the range of pH 5-7. Clearly this approach lends 
itself well to multi-analyte arrays, or to creating pH sensors with a broad range, by 
printing selected indicators that cover the entire pH range of interest.
Bromothymol blue has been entrapped into sol-gel matrices that each included a 
luminescent europium complex [37], A single sensor layer based on TMOS was used 
to generate results over the very broad pH range of 5-9. The sensors showed optical 
and chemical stability over 1 year. The response time of the sensors is slow however, 
in the order of > 10 min. This slow response is unlikely to be due to the response of 
the dye; it is apparently an issue of mass transport into the matrix. However, another 
paper that used a different sol-gel matrix has shown much faster response times [38]. 
Both bromocresol green and cresol red were doped into TEOS sol-gel films to 
produce sensors of excellent stability and uniformity, with response times as fast as < 
60 sec. The authors note that this is a significant improvement over other papers that 
show response times as long as 20-100 min. All films show a linear pH response
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over ca. 2-3 pH units, and interestingly, the pKa values of both dyes shift by ca. 2-3 
pH units, which is attributed to hydrophobic interactions between the indicators and 
the silicate film. As with other sol-gel based methods, no significant dye leaching in 
solution is reported.
1.4.5 pH  sensors b ased  on cellulose b in d ers
Cellulose and its derivatives are widely used for the entrapment of indicator dyes to 
create optical pH sensors. Cellulose is an ideal support for pH indicator dyes as it has 
high permeability for water and ions, and is stable for use equally in the acidic and 
basic pH ranges [25]. It is very widely available, since it is the main component of 
the cell walls of plants [39]. Chemically, it is a basic carbohydrate with the molecular 
formula (CeHioOs),,, where n can be thousands, creating a large linear polymer 
matrix. The OH groups of the monomer units interact with each other, to create a 
large, hydrophobic macromolecule that is water-insoluble. Acetylation of cellulose 
creates a material that is the basis for X-ray and cine film, cellulose acetate (Figure
1.9).
O
R=------C-----CH3
Figure 1.9: Cellulose acetate. The R groups are acetate groups; in naturally occurring cellulose, 
the R groups are hydrogens.
Cellulose acetate has found much use in the field of pH sensing. A 1997 paper by 
Dybko et al. described the polymer as having high water permeability and excellent 
dye-retaining capacity [40], due to the disruption in hydrogen bonding by the
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acetylation of cellulose. Cellulose acetate films are brittle and are not generally 
suitable for durable, rugged support matrices. At room temperature, the molecular 
rotation around single bonds is energetically difficult. This is explained by a thermal 
property of linear polymers known as the glass transition temperature, Tg [41]. This 
is a temperature where the molecular rotation around single bonds becomes easier; 
there is hence a significant change in the rate of change of volume versus 
temperature.
1.4.5.1 Plasticisers
The presence of plasticisers is known to lower the Tg of a polymer [41]. Plasticisers 
are typically liquids with molecular masses much lower than the polymer to which 
they are added. They can be thought of as non-volatile solvents, albeit with higher 
molecular masses than typical organic solvents. The presence of a plasticiser in a 
polymer matrix creates homogeneous materials that are more flexible and softer than 
the polymer alone. Plasticisers act as spacers at a molecular level, essentially fitting 
into a polymer matrix at available sites [41]. Less energy is thus required to allow C- 
C bond rotation, which results in a reduction of the glass transition temperature, 
creating a softer, more flexible support matrix. In the case of cellulose acetate, this is 
advantageous for sensor design, as it may make the sensor less brittle, and hence 
more rugged.
One of the most common examples of the effects of a plasticiser is the addition of di- 
iso-octyl phthalate to polyvinyl chloride (PVC). PVC is typically a rigid solid at 
room temperature; the incorporation of 70 parts phthalate into PVC converts the 
polymer into a rubbery material used commonly in personal protective clothing. The 
Tg of PVC is reduced from a value higher than room temperature (without 
plasticiser) to a value that is below room temperature (with plasticiser). This is not 
the only role that a plasticiser can play in a solid support matrix however. By making 
the polymer support solvated [41], there may be a reduced mass-transport time for an 
analyte of interest to diffuse into the bulk of the polymer matrix. Thus the response
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time of a sensor can potentially be reduced by the addition of a plasticiser. Hence 
plasticisers are often used in ISE membranes and gas sensors.
1.4.5.2 Applications of cellulose based pH sensors
Typically, various pH indicator dyes can be either covalently bound to the support 
matrix, or physically entrapped in it [25]. Each of these methods are described in this 
section.
Covalent binding approach
In this approach, the cellulose is subjected to exhaustive base hydrolysis, followed by 
soaking in the chosen indicator solution. Using this approach, any number of suitable 
pH indicator dyes can be entrapped into cellulose via dye/cellulose covalent bonding 
between sulphonyl (SO3-OH) groups of the indicator dye and OH groups of the 
cellulose. Jones and Porter prepared porous cellulose acetate based films with congo 
red forming covalent bonds within the polymer matrix [42]. Using this approach, 
they reported a rapid response time (< 1.3 s) and a large dynamic range (ca. 4 pH 
units). The support matrix was shown to be stable from pH 0-13.
Kostov et al. performed an investigation into the characteristics of sensors produced 
by covalently immobilising neutral red and congo red into cellulose acetate films that 
were previously hydrolysed [43], They found that the sensors have excellent 
durability, and that they continue to operate over more than 9 months. The response 
time to reach 95 % of the full-scale response was less than 30 s. The shift in the pKa 
values of both dyes in the polymer matrix was determined. The average shift was ca. 
1.4 pH units in the acidic direction. The authors do not make clear the reason for this 
shift, but they suggest that it may be due to the influence of the covalent binding 
procedure, which potentially removes a proton from the amino groups (which are 
auxochromes) daring linkage, likely causing a change in the electronic distribution of 
the dyes. The authors neglect to describe the basis of the covalent binding, but
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suggest that it is possibly formed between the OH groups of the deesterified cellulose 
acetate and NH2 groups on the dyes.
Mohr and Wolfbeis have covalently linked novel azo dyes into cellulose acetate via 
ethylsulphonyl (S02-CH2-CH2-0H) groups, after base-hydrolysis [44], They describe 
the advantages of cellulose acetate pH sensors over glass-immobilised materials such 
as sol-gels, as they are more easily manufactured and handled. The covalent 
approach presented allows the production of sensors with tailor-made optical 
properties and pKa values, to produce sensors that cover the whole pH range of 
interest. The spectral properties of the dyes are excellent, with little overlap between 
the absorption maxima of both forms of the dye. A study of the shift in pKa of the 
dye in free solution compared to covalently linked into the matrix was performed. 
There is a shift in the values obtained from those in free solution, by ca. 1 pH unit for 
all dyes tested (in both the acidic and basic direction). Additionally, no dye leaching 
was evident from the sensors.
The efficiency of this procedure for the preparation of so-called ion-sensitive 
optomembranes was investigated by Dybko et al., who entrapped congo red and 
neutral red into cellulose acetate films [40]. The authors describe cellulose acetate as 
ideal for pH sensing in solution or gas phase, since it has a large active surface for 
immobilisation and is porous, making it highly permeable to ions and gases. The 
developed sensors were prepared by base-hydrolysis of the cellulose acetate, and no 
leaching of dye from the prepared films was noted over 30 days soaked in water. The 
response time was less than 30 s for each sensor to reach a steady state response.
An optical pH sensor for the high alkaline pH range was reported by covalently 
linking thiazole yellow (pKa 12.8) into base-hydrolysed cellulose acetate [45]. This is 
a pH range that is traditionally difficult to measure with a glass electrode, since at 
this range there tends to be a large alkaline error, where the electrode responds to 
alkali metal cations in solution, and records a pH lower than the real value. The pKa 
of the dye shifted ca. 0.5 pH units in the acidic direction, and responded well to 
changes in pH. The sensors are reported to have a rapid equilibration time, high
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reproducibility of response and manufacture, good long-term stability and high 
sensitivity in the pH range of interest.
Physical entrapm ent approach
The use of physical entrapment of indicator dyes into cellulose acetate has also found 
much application, particularly in the field of FOCS. Wroblewski et al. described a 
complex formulation of congo red entrapped in cellulose acetate that has a 
hydrophobic plasticiser added [46], A wetting agent, ethylene glycol, was added to 
the formulation to enhance hydrophobicity and therefore reduce the tendency of the 
dye to leach from the matrix. Different plasticisers were tested to see which best 
suited the formulation. Since plasticisers affect a bulk property of the polymer, this 
was done on a trial-and-error basis for a number of commonly available plasticisers, 
as it is virtually impossible to predict which plasticiser works best. The widest 
dynamic range was observed for the most hydrophobic plasticiser, dibutyl phthalate. 
The sensor operated over a wide dynamic range of pH 2.5 to 5.5, and steady state 
responses were obtained in less than 30 s, depending on the thickness of the prepared 
coatings. Similar sensors were prepared for the acidic pH range with bromothymol 
blue and thymol blue. Although the authors neglected to characterise the shift in pKa 
for each of the immobilised dyes, the working linear range of each sensor is 
presented.
Cardwell et al. present a similar set of results for a number of azo dyes entrapped in a 
plasticised cellulose acetate matrix [47]. Although similar, these results are 
significant because of the extremely fast response time of less than 1 s per sensor. 
Some straightforward applications of one of the dyes (pKa 3.8) are presented, from a 
titration indicator coated onto a magnetic stirrer bar, to static and dynamic pH 
measurements in a flow-through cell. The authors have also presented very similar 
results for other pH indicator dyes in the same experimental setup in another 
publication [48].
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In summary, i f  the issue o f  dye teaching is not o f  major concern, indicator dyes can 
readily be entrapped into cellulose acetate, with no prior treatment necessary. 
Sensors prepared in this manner exhibit a fast response, a large dynamic range, 
chemical and photo stability and excellent permeability for gases and ions. More 
com plex matrices can be prepared by hydrolysing the polymer prior to covalently  
linking an indicator dye, although this approach is best used in situations where tight 
control over dye leaching is necessary.
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1.5 Seafood spoilage monitoring
In the fisheries industry, there is a large amount of interest in developing rapid 
methods to evaluate the quality of seafood using general quality indicators. One 
concept is that of a smart package sensor that gives an indication of the condition of 
seafood samples at various points along the distribution chain, from “harvest-to- 
home”. Under EU directive 79/112/EEC, seafood, similar to other foodstuffs and 
pre-packed foods, must display either a “date of minimum durability” or, when 
considered highly perishable, a “use by date” [49], A recent review of freshness, 
quality and safety in seafood has stated that, microbial, chemical, biochemical or 
other instrumental methods are all appropriate methods for determination of fish 
freshness [50], The emphasis is that the analyses must be convenient, fast and 
inexpensive to perform.
1.5.1 Sensory  evalua tion
The simplest and most well established method for evaluation of freshness and 
quality is the use of sensory methods, which rely heavily on trained assessors [51]. 
This is usually performed by specialist and trained personnel at fish auctions and is 
based on particular EU schemes relating to fish hygiene [52]. A general appraisal of 
whole and gutted fish is performed, including for example, investigation of skin 
odour, general appearance, eyes, outer slime, gills and belly cavity. It is recognised, 
however, that the remaining shelf life of seafood cannot be determined from 
freshness grades [50] and that the methods require much training for the assessors. 
Additionally, there is a clear lack of standardisation using this approach, due partly to 
differences in personal judgement. Despite this, sensory methods remain the most 
widely used approach for fish freshness appraisal and determination of spoilage.
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1.5.1.1 Quality Index Method
It has been suggested that a quality index method (QIM) be used to further refine the 
sensory methodology described previously [53]. A large number of parameters 
relating to fish quality are measured by trained assessors, based on defined QIM 
schemes [54]. Points are totalled to generate QIM index points (demerit points) and 
there is a direct linear relationship between QIM index points and storage time at 0 
°C, which allows the remaining shelf life of fresh fish to be evaluated. QIM schemes 
are species specific, however and need to be evaluated on a species-to-species basis. 
Furthermore, they are only valid at defined temperatures, normally 0 °C, and some 
seafood such as filleted fish or lightly preserved seafood appear to be unsuitable for 
characterisation under QIM schemes. The limitations of subjective sensory methods 
(either those using QIM schemes or not) are many, highlighting the need for 
objective sensory methods, which are essential for grading of fish, quality control 
and accurate shelf-life predictions. More carefully controlled methods should be used 
to supplement (and complement) sensory methods evaluation in order to obtain the 
most accurate freshness determination of a fish catch, and to accurately define the 
point of spoilage.
1.5.2 Spoilage m icroo rgan ism s
Microbiological methods have been applied extensively to monitoring fish quality 
and predicting spoilage times [55]. There is some debate in the literature as to 
whether or not fish muscle tissue is normally sterile in whole, unfilleted fish [56], 
The microorganisms known to cause fish spoilage are shown in Table 1,3 [57], The 
bacteria most frequently found on whole fish allowed to spoil aerobically are from 
the genera pseudomonas or shewanella. They are both gram-negative, rod-shaped 
bacteria that dominate the microflora of temperate water fish such as cod. It has been 
found that the pseudomonas species are able to grow at temperatures lower than 0 °C, 
albeit at slow rates. Studies on the flora present on the outer skin of 4 different fish
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revealed that the pseudomonas species are present at levels between 32-60 % of the 
total microbial count [58],
Genus Gram reaction Genus Gram reaction
Acinetobacter - Flavobacterium -
Aeromoas - Lactobacillus +
Alcaligenes - Listeria +
Bacillus + Moraxella -
Corynebacterium + Pseudomonas -
Enterobacter - Psychrobacter -
Enterococcus + Shewanella -
Escherichia - Vibrio -
Table 1.3: Genera of bacteria most frequently found on seafood [57]. The groups of bacteria 
that occur most frequently are highlighted in bold.
1.5.2.1 The growth curve
Growth is defined as an increase in cellular constituents [59], Due to the size of 
individual microorganisms and the huge numbers in which they grow, it is not 
possible to study the growth and reproduction of single microbes. Instead, changes in 
total population are followed, plotted as the logarithm of cell number as a function of 
time, and is known as the microbial growth curve [59]. This curve is shown in Figure 
1.10 and is made up of four distinct phases.
In the lag phase, there is no immediate increase in cell numbers. For example, this 
could be the population of microorganisms on a fresh food sample. During this stage, 
the cells are synthesising new components to aid the division that will follow [59]. 
The lag phase varies in length with the nature of the sample and the age and 
condition of the microorganisms. The lag phase may be absent if a young growing 
culture is transferred to a fresh sample of the same composition from the one it was 
taken from.
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Figure 1.10: Microbial growth curve in a closed system.
In the log phase, sometimes known as the exponential phase, the cells are growing 
and dividing at the maximum rate possible. Factors that affect this rate include the 
nature of the sample, the genetic potential of the microorganisms and the conditions 
in which they are growing. The rate of growth is constant; the cells are doubling in 
numbers at a fixed interval.
During the stationary phase, the population growth stops and the growth curve 
therefore has reached a plateau. The cell count at this stage varies from 105-109 cells 
per ml or g of sample [59]. During this phase, the total number of viable 
microorganisms (living -  dead) remains constant. A balance is typically reached 
during this stage between cell division and cell death. This balance doesn’t last, 
however, and the cells enter the final phase, known as the death phase. This phase is 
typically entered when nutrients have been depleted, or there is a build-up of toxic 
waste products, and no new medium is available upon which to grow. The death 
phase is also logarithmic, where a fixed number of cells die in a fixed interval.
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1.5.2.2 Microbial populations during spoilage
Total viable counts (TVCs) have been described in the legislation in the USA, Japan 
and some European countries as a method to determine seafood standards, TVC 
assays calculate the total amount of microorganisms present in a sample of known 
mass, typically 25 g or larger. There are various guidelines that can be followed, and 
most of them suggest that levels higher than or equal to 105 CFU (colony forming 
units) /g of seafood are indicative of a fully spoiled sample [60, 61], There is some 
debate about these guidelines and it is understood that some seafood can have higher 
TVC levels and still be perfectly acceptable. The correlation between TVCs and 
remaining shelf life is poor, as spoilage is typically caused by only a small fraction of 
microorganisms present in fresh seafood, known as specific spoilage organisms 
(SSOs) [50]. One of the most common SSOs in whole, unfilleted fish is the 
pseudomonas species (Table 1.3). The limited information available to relate 
pseudomonas counts to seafood spoilage suggests that levels higher than 102 CFU /g 
of seafood may result in off flavours, off odours and some visual defects [62],
During spoilage, the rate of SSO growth is significantly faster than fish microflora 
growth, and SSOs are responsible for off-flavours and off-odours, thus resulting in 
an undesirable product. SSOs are used as indicators of the condition of a fish sample 
and the remaining shelf life of a product may be predicted from SSO populations 
[63], Whenever microbial measurements are being taken to determine the quality of a 
sample or predicted remaining shelf life, it is recommended that numbers of SSOs be 
measured instead of the more traditional TVCs (Figure 1.11) [50], The figure shown, 
taken from a recent study on fish spoilage by bacteria, clearly illustrates the 
relationship between TVC and SSO growth with time.
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Figure 1.11: Results from a recent study show the relationship between TVCs, SSOs and the 
concentration of spoilage metabolites with time [50]. A number of different fish species were 
examined at 0 °C. The correlation between remaining shelf life and TVC levels is poor; SSO 
counts are recommended to be taken in order to determine the quality of a sample or the 
remaining shelf life.
Figure 1.11 shows that TVC values are naturally much higher than their SSO  
counterparts at the beginning o f  storage. The changes in TVC values with time are 
gradual and are represented by a sigmoid-shaped function. The figure also shows that 
there is a poor correlation between remaining shelf life and TVC numbers. In 
contrast, the SSO counts rise over a longer period o f  time and correlate much better 
to remaining shelf life. The SSO values allow  a minimal spoilage level to be 
determined, and the concentration o f  spoilage metabolites at this point has been 
termed the chemical spoilage index. The metabolites are only produced in significant 
quantities after som e time. The data shown suggests that a chemical sensor that 
fo llow s the levels o f  spoilage metabolites cannot be used to predict remaining shelf 
life o f  an unspoiled product. Furthermore, a working metabolite sensor would, in 
principle, correlate much better to SSO numbers than to TVCs.
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1.5.3 Spoilage volatiles
Saltwater and freshwater fish both contain high amounts of proteins and other 
nitrogenous constituents [58]. The nature of the nitrogenous compounds is of 
particular importance as not all nitrogenous compounds in fish are in the form of 
proteins. Table 1.4 shows the relative percentages of total nitrogenous (total-N) 
compounds and protein nitrogenous (protein-N) compounds from the flesh of 5 
different common species [58]. The non-protein nitrogenous compounds include, for 
example, the free amino acids and volatile nitrogenous bases.
Species Total N (%) Protein N (%) Ratio of Protein N / Total N
Cod (Atlantic) 2.83 2.47 0.87
Herring (Atlantic) 2.90 2.53 0.87
Sardine 3.46 2.97 0.86
Haddock 2.85 2.48 0.87
Lobster 2.72 2.04 0.75
Table 1.4: Relative distribution of nitrogen in fish and shellfish flesh.
The outer slime is composed of mucopolysaccharide components, free amino acids, 
trimethylamine oxide (TMAO) and other related compounds. Also likely present are 
fish spoilage bacteria [a]. According to studies performed [58], TMAO levels 
decrease during fish spoilage with the production of volatile compounds such as 
trimethylamine (TMA), ammonia (NH3) and dimethylamine (DMA). These 
compounds are hence indicator compounds of fish spoilage, and are collectively 
known as total volatile basic nitrogen compounds (TVB-N).
The ratios of amines comprising TVB-N are species dependant and appear not to 
relate to the type of microorganisms that cause spoilage [64], Ammonia is produced 
by bacterial degradation of proteins, peptides and amino acids; TMA is produced
a There is some debate on this in the literature. If the bacteria do not arise on the outer slime, they 
most certainly arise in the digestive system of the seafood [56],
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from the bacterial degradation of TMAO, and DMA is produced by enzymatic 
degradation of TMAO by TMAO dimethylase (TMAO-ase), which releases 
equimolar amounts of DMA and formaldehyde [64], TMA is produced in the highest 
quantity, although the vast majority of testing that is performed determines the levels 
of the collective bases, TVB-N. By taking this approach, it is not necessary to know 
the ratio of the amines present.
1.5.4 D e te rm in a tio n  o f TVB-N
TVB-N levels have been recognised as useful indicators of seafood spoilage; under 
EU directive 95/149/EEC, the European Commission has specified that TVB-N 
levels be used if sensory methods raise doubts about the freshness of seafood species 
[65], Critical limits have been set for groups of seafood species, quoted as mg TVB- 
N per 100 g of seafood tissue, e.g. 30 mg TVB-N per 100 g of tissue for the cod 
species. The EU directive refers to unpackaged fish only and it recommends that 
levels be determined by steam distillation and subsequent titration, a straightforward 
but timely procedure. The volatile amines are extracted from a sample by a solution 
of perchloric acid. This extract undergoes steam distillation, where the amines are 
absorbed by an acid receiver. This is subsequently titrated with standard hydrochloric 
acid to determine the TVB-N concentration of a tissue sample. Based on EU 
guidelines, this procedure will confirm if a sample has spoiled or not.
A limited number of novel methods have appeared in the literature in the past decade 
for monitoring of TVB-N levels. They each take a different approach to the 
determination of spoilage indicator compounds. One recent two-part paper described 
a novel short column gas chromatography (GC) method to determine the 
concentration of total amines [66, 67], The amines were adsorbed onto a 
commercially available solid phase micro extraction fibre, by placing the fibre into 
the headspace of selected fish samples for ca. 2 min. Classical chromatographic 
separation of the components was not performed; instead, the method allowed the 
rapid and quantitative determination of the TVB-N levels. This was achieved by
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desorbing the amines onto a very short non-separating column, which were 
subsequently detected by a standard flame ionisation detector. The peak heights and 
areas were calculated, to allow the TVB-N levels in a sample to be determined. 
Results were obtained for both salmon and whiting, and the uncertainty of a 
measurement increased with sample age. The initial levels of amines in whiting were 
higher than in salmon, as was the increase of amines during storage. This is an 
excellent method that rapidly determines the level of spoilage of a fish sample. 
However, it does require some sample preparation, albeit a short step.
Another approach is to use the establishing method of the electronic nose to 
determine volatile amines in real-time released into the sample headspace. This 
approach suffers from a practical viewpoint, in that two chambers are required (one 
for the fish sample and the second for the sensors), and that the poor signal-to-noise 
ratio of most electronic nose devices requires multiple injections with a gas-tight 
syringe, which is not an easy task to perform reproducibly by hand. A recent paper 
took the approach to prepare a portable, low-cost electronic nose made from 
commercially available sensors [6 8 ]. The simplicity is attractive to the operator, as 
an intermediately trained technician could perform the analysis. A fish sample of 
known mass was placed in the chamber of the device, and the changes in voltage 
signals from polycrystalline tin dioxide sensors were measured, as a function of the 
release of volatile amines. Using principal component analysis, the authors show that 
it is simple to distinguish between fresh and spoiled samples. This approach was 
used on Argentinean Hake, and further distinctions were drawn on the basis of 
sample mass, storage condition, sample age and variability between samples.
Zhao et al. recently published details of a reversible TMA probe based on a sensitive 
membrane coated onto a piezoelectric crystal [69]. The probe can detect TMA in the 
range of 5-200 ppm, and on this basis is presented as a fish freshness assay. The 
effects of interference of other basic gases, e.g. DMA and NH3 were determined to 
be very high, but this is a point that is of little relevance if applied to TVB-N 
determination. Data from the probe upon exposure to TMA vapours correlated well 
with results from the standard EU-defined TVB-N method described previously and
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from GC analysis. The basic principle behind the paper is flawed, however, since 
TMA levels are an indicator of spoilage, not of freshness. Additionally, no real fish 
samples were tested with the system.
A thin-film gas microsensor has been used for monitoring fish spoilage via TMA 
emissions [70]. Manganese phthalocyanine is an organometallic substance whose 
electrical conductivity is very sensitive to adsorbed amines, and it was used to 
monitor TMA levels from two Indian fish, katla and pomfret. The data demonstrates 
that volátiles from fish samples can be monitored rapidly and sensitively by the 
microsensor. Most recently, Hammond et al. demonstrated the use of a 
semiconducting metal-oxide array to monitor spoilage volátiles. The electrical 
conductivity of the gas sensor changes as a function of exposure to amines from 
spoiling fish. The data from analysis of Atlantic salmon, haddock and Atlantic cod 
correlated well with sensory evaluation by a trained panel over 2 months, a 
colorimetric method for TMA analysis, pH tests with a glass electrode and TVC 
microbial populations.
Most of these approaches, however, require trained operators at central locations to 
perform the analysis. Some of the methods are prone to interferences and have 
reproducibility issues, and in some cases, the equipment is relatively expensive, e.g. 
GC. They are generally not suitable for use as distributed “point-of-need” techniques. 
Hence these methods, while useful in providing accurate reference measurements, 
will not meet the rapidly growing interest in “on-package” sensing of food quality.
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1.5.4.1 Monitoring TVB-N using chromogenic dyes
Very few examples exist in the literature for monitoring TVB-N levels from fish 
samples by pH-sensitive sensors. Instead, most applications focus on the detection of 
basic gases. According to a recent review by Wolfbeis [27], practically all sensors for 
ammonia and amines are based on the their effect on pH-sensitive polymers. A 
limited number of pH-indicator dyes have been used for this application, in both 
aqueous and gas phase. Thus, Werner et al. have demonstrated the use of an aqueous 
based ammonia sensor based on an indicator dye prepared in a silicone polymer layer
[71], The indicator dyes tested were bromophenol blue and bromocresol green, pKas
4.0 and 4.8 respectively. Lipophilised versions of the dyes were prepared by reaction 
with cetyltrimethylammonium bromide (CTABr), via the following reaction:
Indicator-SCVNa+ + CTA+Br" —> Indicator-S0 3 ~CTA+ + NaBr
This lipophilisation ensures that the dye will not leach from the silicone polymer 
when placed in solution. The dye reacts with ammonia in solution, causing a 
measurable colour change:
Indicator-OH (yellow) + NH3 Indicator-0~ (blue) + NH4+
The study performed demonstrated that sensors based on bromophenol blue show a 
higher sensitivity to ammonia than sensors based on bromocresol green, due to 
having a lower pKa. A limit of detection of ca. 15 ppb for sensors based on 
bromophenol blue was established. A more thorough study was performed one year 
later when an investigation of membrane composition and thickness was undertaken
[72]. The fastest response time was obtained when the film thickness was ca. 10 |im. 
The instrumentation was improved with a flow-through cell that used an LED for 
excitation at the Xmax of the dye, and a photodiode for detection of output signal 
intensity.
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Attention is now focussed on those sensors for monitoring gaseous ammonia and 
amines. Bromothymol blue was immobilised on a hydrophobic polymer matrix based 
on Amberlite polymer beads, and used in a fibre-optic configuration to monitor 
ammonia vapours [73]. Very few results were shown, but the authors clearly 
demonstrate the reaction of ammonia vapour with the indicator dye to be:
NH3 (g) + H20  ------ NH4+ + OH’
o
In the first step, the ammonia vapour gains a proton from water present in the 
atmosphere. In the second step, the OH' formed from step one facilitates the 
deprotonation of the indicator dye, causing the characteristic change in colour. This 
explanation shows how the ammonia vapour is not depleted with time, how the 
reactions are in equilibrium, and that water vapour is necessary for the reactions to 
occur.
Bromocresol purple has been immobilised into sol-gel glass films based on TEOS 
and TMOS [74], Absorption spectra on optical fibres were measured as a function of 
exposure to gaseous ammonia. There was an issue with elongated response times, 
e.g. ca. 250 min for 50 ppm ammonia. The authors attribute this to slow diffusion by 
ammonia into the matrix, due to the polarity of the glass film. Sol-gel films have not 
been used for TVB-N monitoring, since there exists health and safety issues about 
the close proximity of a glass-like film to real fish samples.
Zhao et al. coated bromocresol purple into a polymer matrix and attached this to the 
ends of a fibre-optic configuration [75], Photo-initiated polymerisation of methyl
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methacrylate was used to entrap the dye on the fibre tip. This matrix has reportedly 
good optical and chemical stability. The sensor produced has good sensitivity to 
ammonia vapours, due to its excellent gas permeability. Furthermore, Potyrailo et al., 
published two papers in the same year on the immobilisation of bromocresol purple 
into polymethylphenylsiloxane for ammonia gas monitoring [76, 77], This matrix 
was selected because of its high gas permeability and inherent hydrophobic and 
sensor film-creating possibilities. The effect of temperature from 20-40 °C and 
relative humidity from 50-85 % on the sensor performance was investigated, and the 
change in the pKa of the dye entrapped in the polymer matrix was ascertained. An 
LED and photodiode setup was used to measure the response of the sensor to 
gaseous ammonia. The equilibration time of the sensor was ca. 120 s to achieve 90 % 
of a full-scale response and hence the authors propose this system as a portable 
photometric ammonia gas analyser for use under field operating conditions.
Of the limited number of papers that use pH-indicator dyes for fish spoilage 
determination, Sadok et al. used bromothymol blue to determine levels of TMA by 
flow injection analysis [78]. The TMA was extracted from samples of pollack and 
cod by perchloric acid, and an inexpensive flow injection/ gas-diffusion system was 
used to monitor levels of the spoilage compound, by measuring the changes in 
absorbance of the dye. The limited results show that it is possible to monitor TMA 
levels from spoiling fish using this dye-based approach. However, the sampling 
methodology is destructive and some training and expertise are required to generate 
results from samples.
A chromogenic calixarene based on an azophenol structure has found some use in the 
field of monitoring TVB-N from spoiling fish samples. McCarrick et al. originally 
developed the complex for the determination of alkali metal ions [79]. Calixarenes 
consist of repeating phenolic units that are connected in a macrocycle via methylene 
bridges (Figure 1.12). Calixarenes with 3-20 repeating units are known, although the 
tetramer (and to a lesser extent the hexamer) has found most use analytically, i.e. 
calix[4]arene.
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Figure 1.12: Calix[4]arene (tetramer) structure.
Calixarene chemistry is a huge area of interest that includes applications in optical 
sensing, cation-selective electrodes and chiral recognition [80]. The authors used a 
nitrophenylazophenol ligand shown in Figure 1.13, and a p-teri-butyl calix[4]arene 
tetraacetic acid structure shown in Figure 1.14 to create a tetra-substituted 
nitrophenylazophenol calix[4]arene, shown in Figure 1.15.
Figure 1.13: Nitrophenolazophenol dye structure. The labile proton is shown in bold.
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Figure 1.14: p-fert-butyl calix[4]arene tetraacetic acid.
Bu’
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Figure 1.15: Structure of the nitrophenylazophenol calix[4]arene. The labile proton is shown in 
bold.
A  rapid and concentration-dependant colour change was observed from  ye llow  to red 
(380-520 nm) upon the addition o f lith iu m  perchlorate in  the presence o f amines such 
as ammonia. No co lour change was observed in  the absence o f base. I t  is believed 
that the m etal-ion com plex has a more acidic nature than the free ligand, creating a 
more sensitive ind icator dye. Thus th is complex was used by Grady et al. to create an 
optical sensor fo r gaseous ammonia [81]. The sensor was prepared by im m obilis ing
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the calixarene-based dye into a PVC-based film in a fibre-optic configuration, and 
the sensor response was monitored as a function of ammonia vapour concentration. 
The sensitivity of the response was tuneable, as it was dependant on whether or not 
the free ligand or the ligand doped with lithium was used. The sensitivity of the 
response was fine-tuned by altering the mole ratios of lithium to calixarene, and 
ammonia vapour in the range 5-50 ppm was readily detectable. The response time 
took several minutes to reach steady state, but this approach is powerful for TVB-N 
monitoring, since the sensitivity of the complex can readily be altered, which may be 
required, since different fish species release different levels of TVB-N, of different 
composition. This approach could hence be tailored for use in a fish spoilage sensor.
Loughran and Diamond used this approach in one of the few papers in the literature 
to use pH-sensitive sensors for fish spoilage determinations [82], The calixarene - 
based dye was impregnated onto filter paper discs that were exposed to the sample 
headspace of cod and whiting samples that were allowed to spoil. The absorbance of 
the dye on the filter paper discs was monitored by UV-Vis reflectance spectroscopy, 
as a function of the release of TVB-N. The sensitivity of the response was tuned by 
varying the mole ratio of lithium to dye complex [81]. The results demonstrate that it 
is feasible to monitor the release of spoilage compounds measured through the colour 
changes of an acidochromic dye. The authors show that the release of TVB-N from 
whiting samples is much faster than from other species tested, a trend that was 
confirmed in another study mentioned previously of TVB-N levels of whiting and 
salmon, measured by GC analysis [67], A study of the release of TVB-N as a 
function of storage conditions was also performed, for samples stored on ice or at 
room temperature, and the complex operated well in all conditions tested.
A limited search of the patent literature also shows some interesting research in on- 
package determination of food spoilage. This introduces the concept of intelligent 
packaging, central to the theme of this thesis. Miller et al. have proposed a concept 
relating to volatile amines reacting with a pH indicator dye to indicate the freshness 
of a seafood sample [83], This concept is patented under the title of “Food Quality 
Indicator Device”, patent number W09904256. The authors describe a generalised
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approach of using an indicator compound that is a pH-sensitive dye, entrapped in a 
polymeric matrix and coated onto the food packaging. The dye reacts with spoilage 
indicator compounds and causes a visual change in colour. This concept has been 
marketed by COX recorders, under the trade name of Freshtag1"1 [84], Additionally, 
Horan has patented the concept of using a chemical indicator to monitor the levels of 
harmful microorganisms in food packaging [85]. The indicator responds over time as 
the level of bacteria increases in a food package, giving a warning of a spoiled 
product.
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2  S e n s o r  P r e p a r a t i o n  a n d  O p t i m i s a t i o n
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2.1 Introduction
This chapter presents results that follow the development of a working chemical 
sensor for measuring changes in TVB-N levels released by gradually spoiling 
seafood samples. As described in Section 1.5.3, determination of TVB-N levels gives 
information about the degree of spoilage of a seafood sample. Section 1.5.4,1 
showed that it is possible to monitor the changes in TVB-N levels by measuring the 
degree of interaction of volatilised bases with a colorimetric indicator dye that is 
sensitive to changes in pH. Selection of a suitable indicator dye and an appropriate 
method of immobilising the dye to produce a working sensor were crucial in sensor 
design and development. The mode of immobilisation chosen was to physically 
entrap the dye into cellulose acetate, since sensors based on this matrix were shown 
in Section 1.4.5 to have a rapid response time, high gas-permeability, excellent 
stability in acidic and alkaline conditions, and a lengthy shelf life.
In this chapter, results are presented showing how the sensor production process was 
optimised by systematically altering different components in the sensor formulation. 
This included investigating the use of different plasticisers, solvents, drying 
conditions, and the relative amounts of each chemical component used. A simple 
screening method was devised, based on digital imaging techniques and colour 
analysis using in-house developed LabVIEW software, to determine the 
homogeneity of each batch of sensors prepared. Selected sensors were further 
analysed using a state-of-the-art imaging spectrograph system, which gives spatially 
distributed spectral information about each sensor tested. This facilitated the 
development of an optimised sensor formulation.
Sensors based on this optimised formulation were further studied and characterised. 
The effect of dye loading on the sensor formulation was investigated. A comparison 
study was performed of the pKa of the dye in the polymer matrix, compared to the 
value obtained in free solution. Calibration of the sensors against ammonia in 
headspace was performed. This allowed classification of important analytical
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parameters, such as the upper and lower limits o f  linearity o f  the sensor response, the 
lower limit o f detection to ammonia, and the reproducibility o f  the sensor response. 
Some o f  the results in this chapter were recently accepted for publication in the Irish 
Journal o f  Agricultural and Food Research [86],
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2.2 Instrumentation
2.2.1 Im ag ing  S p ectro g rap h
A PARISS imaging spectrograph (Lightform Incorporated, New Jersey, USA) is 
available for research purposes in our laboratories. PARISS is an acronym for Prism 
and Reflector Imaging Spectrometer System. The PARISS system can be fitted to 
any standard microscope with a video port via a C-mount adaptor; in our system, it is 
fitted to a Nikon Eclipse series E-800 microscope (Micron Optical, Wexford, 
Ireland). Fitted onto the microscope is a Prior Proscan motorised stage, an x-y 
joystick controlled stage with a step-size of 0.01 microns (Figure 2.1).
S pectral cam era 
Im aging  cam era
L ight source
Stage
Figure 2.1: PARISS Imaging Spectrograph system on Nikon E-800 microscope. The spcctral 
camera is mounted to the front of the microscope and the imaging camera to the rear.
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2.2.1.1 Spectral Imaging
Spectral imaging differs from traditional spectroscopic methods, in that the complete 
spectrum is obtained in one acquisition. Scans can then be performed across an area 
to create two dimensional, spatially distributed images. Spectral imaging provides a 
significant additional dimension that enables each object to be defined by multiple, 
even hundreds, of wavelengths, often making it possible to differentiate between 
objects that are otherwise visually identical. The majority of spectral imaging 
systems operate by using many wavelength filters that sequentially overlay images 
taken at incremental wavelengths [87], The main disadvantage of this is that it only 
generates pseudo-spectral images. Additionally, any data processing that is required 
must be performed post-acquisition, adding to the time required for analysis.
The PARISS system differs by using a technique that acquires complete spectra 
simultaneously and forms images incrementally [87]. This method, unlike the filter 
method, generates true spectral images. The so-called “push-broom” technique can 
be achieved by using either a diffraction grating or a prism in order to disperse all 
wavelengths simultaneously. Generic push-broom advantages include:
• Fast, low-memory 180-kilobyte acquisitions, compared to over 20-megabyte 
file sizes for filter-based acquisitions [87],
• Reduced photo-bleaching of sample, as only small “slices” of a sample are 
irradiated and interrogated in one acquisition.
• Data analysis is carried out during an acquisition, making it only as fast as the 
exposure time set for an acquisition (in the region of less than 250 
milliseconds for the PARISS system).
Hence, the PARISS system offers a non-destructive method that can collect 
reflectance, absorption, transmission and fluorescence spectra of samples (when 
fitted with the appropriate light source). It is one of the most powerful types of 
instrumentation available for spectral classification and analysis.
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2.2.1.2 Spectral imaging with the PARISS system
The PARISS system generates true spectral images by taking simultaneous spectral 
and grey-scale images through the two cameras mounted above the microscope 
(Figure 2.1). There is absolute pixel-to-pixel correlation between these two images. 
The spectra of up to 240 objects are acquired simultaneously, with each object being 
characterised by up to 640 wavelength points between ca. 390 and ca. 810 nm. This 
provides enough information to enable robust proprietary spectral comparison 
algorithms, which allows spectral classification routines to be successfully 
performed.
A slice of the image projected by the microscope is focused onto the entrance slit of 
the spectrometer and strikes the first curved surface of a prism, is refracted, strikes 
the second surface and exits to strike a spherical mirror. The wavelength dispersed 
light then returns through the prism to be focused onto the CCD array. A schematic 
of the operation of the spectrometer is shown in Figure 2.2.
PARISS spectrometer
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Figure 2.2: Schematic showing the dispersion of light within the prism-based PARISS system 
(Image from Lightform Incorporated, New Jersey, USA [88]).
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2.2.1.3 Spectral classification
Each slice from an image contains 240 spectra with 640 wavelength points. Spectra 
are sorted by the software algorithms into classes based on spectral features such as 
shape and area under the spectral curve. A user-selected threshold sets the degree of 
sensitivity of the classification process. Spectral classes are assigned a colour code 
and can then be inserted into a Master Spectrum (MS) library. The user can then edit 
the MS library to add or remove spectra as necessary. An example of 4 similar but 
significantly different spectra classified into a MS library is shown in Figure 2.3.
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Figure 2.3: Each of 4 different spectra in the MS library is classitied as different on the basis of 
proprietary algorithms.
New acquisitions that are obtained are then correlated against the MS library. The 
degree of correlation is set by the user as any value less than or equal to unity. All 
spectra that match a spectral signature contained within the MS library are assigned a 
pseudo-colour code that matches the colour code of the library. Areas that are 
unclassified by the software remain black. By scanning across a Region of Interest 
(ROI) and acquiring new spectra, which are classified according to “goodness-of- 
fit”, a spectral topographical map is generated. A sample map of a cross-section of 
stained human skin, taken from the Lightform Inc. web site, is shown in Figure 2.4.
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Figure 2.4: Human skin that has been classified in 
terms of its colour spectral signatures. The different 
sections of the tissue have all been clearly 
delineated. (Image copyright Tissueinformatics Inc, 
Pittsburgh, USA [89])
The spectral classification techniques used by the PARISS system are based on 
complex algorithms, of which there are few details available [87]. These functions 
collect and sort spectra into classes of similar (but unique) spectral signatures. The 
routines then correlate newly acquired spectra against those stored in the MS library, 
based on a threshold value set by the user. Broadly speaking, the proprietary 
correlation recognition algorithms used in the PARISS software are based on the 
following parameters:
• Position in the spectral range.
• Shape of the spectral area (also called the spectral “envelope”).
• Classification values that are compared to library spectra - hence, it is better
to have complete representative spectra in the MS library.
All spectra are normalized to unity; therefore, recognition is a binary condition that is 
either "recognized" or "not recognized" within a user selected Minimum Correlation 
Coefficient (MCC). Put simply, the higher the MCC value that is selected, the more 
stringent the algorithms used to compare two or more spectra. A low MCC value is 
likely to show little difference between similar spectra, and will hence classify them 
as the same.
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2.3 Dye selection
Several dyes were candidates in the development of a working sensor [20]. In order 
to produce a sensor that changes colour around the point of spoilage, careful 
selection of the pKa was considered. The main components of the TVB-N, i.e. TMA, 
ammonia and DMA, each have pKas of 9.80, 9.25 and 10.70 respectively [90], If a 
dye with a pKa of ca. < 6 was selected, for example, then the sensor would readily be 
deprotonated by the TVB-N released during spoilage, and would thus not respond at 
the critical threshold of interest, where the levels of TVB-N released are relatively 
high [64], It was necessary to select a dye that has a pKa of ca. 1-2 pH units less than 
the pKas of the principal amine components of TVB-N.
Cresol red (o-cresolsulphonphthalein) was selected as the candidate dye to develop a 
working sensor. It has a pKa of 8.3, and has a Xmax (base form) of 573 nm [20]. In 
addition, there is a large separation between the acidic and basic forms of the dye, 
from yellow (451 nm) to purple (573 nm). The dye is readily commercially available, 
although there is limited research in the literature that uses the compound. Figure 2.5 
shows the structure and deprotonation equilibrium of cresol red [20],
Figure 2.5: Deprotonation of cresol red shifts the dye from its yellow form (451 nm) to its purple 
form (573 nm).
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2.4 Experimental
2.4.1 M ate ria ls
Cresol red (sodium salt), dioctyl sebacate (DOS), 94%, cyclohexanone (analar 
grade), potassium hydrogen phosphate and cellulose acetate (mw approximately
30,000 g/mol) were obtained from Sigma-Aldrich (Dublin, Ireland). Dibutyl 
phthalate (DBP), 98%, boric acid and 2-Nitrophenyl octyl ether (NPOE) were 
obtained from Fluka Chemicals (Dublin, Ireland). Optically clear polyethylene 
teraphthalate (PET) sheets were obtained from Oxley pic (Cumbria, UK). 
Polypropylene caps were supplied by Sarscedt (Wexford, Ireland). Fast cure epoxy 
was obtained from Permabond (Eastleigh, UK). The chemical structures of the three 
plasticisers tested are shown in Figure 2.6. These were selected since they are 
commonly used plasticisers, with significantly different chemical structures.
CH3 O O c h3
I II II I
CH3(CH2)CHCH20-— C----CH2(CH2)6CH2-C-----OCH2CH(CH2)3CH3
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-OCH2(CH2)6CH3
NO,
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Figure 2.6: Structures of the three plasticisers used; A was dioctyl sebacate (DOS), B was 
dibutyl phthalate (DBP) and C was 2-nitrophenyl octyl ether (NPOE).
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2.4.2 Sensor preparation
Sensor preparation was divided into two sections. Firstly, the sensor formulation was 
prepared. This involved testing five chemically different formulations. Secondly, 
each of the formulations was printed onto PET substrate, to produce sensors dots. 
Analysis of these dots was performed as described in Section 2.4.3, and the analysed 
data guided the chemical composition of subsequent formulations. Additional 
parameters were tested for the final formulation used, such as the solvent used, the 
ratio of binder to plasticiser, and the drying conditions of the sensor dots. Each 
formulation prepared (and hence each batch of sensor dots) was labelled from “A” to 
“E”. Initially, the ratio of binder to plasticiser was set at 1:1, and the concentration of 
each was 5 % w/v. This produced the first batch of sensor dots, labelled “A”. The 
chemical composition of each of the sensor formulations “A” to “E” is shown in 
Table 2.1.
Formulation % w/v binder Plasticiser Solvent used
A 5 5 % v/v DOS Acetone
B 3 3 % v/v NPOE Acetone
C 3 3 % v/v DBP Acetone
D 3 3 % v/v DBP Cyclohexanone
E 3 3 % v/v DBP 1:1 acetone/cyclohexanone
Table 2.1: Five formulations were prepared that varied the concentration of binder used, the 
concentration of a chosen plasticiser used and the solvent used.
For example, sensor formulation “A” was prepared by producing 10 ml of 5 % w/v 
cellulose acetate in acetone. The cellulose acetate was slowly mixed with the solvent 
in order to reduce aggregation of the polymer. The use of a sonicator was required in 
order to fully dissolve the polymer. 0.5 ml stock DOS solution was added to the 
cellulose acetate solution, such that the final concentration of DOS was 5% v/v. 20 
mg cresol red (sodium salt) was added to the mixture, such that the concentration of 
dye was 0.2% w/v. A few drops of reagent grade methanol were required to aid 
solubility of the dye. Solutions were prepared in 20 ml disposable polypropylene
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vials and were sealed immediately and wrapped in parafilm, to minimise solvent 
evaporation effects. A ll other solutions “B ” to “E ” were prepared similarly 
according to the chemical compositions shown in Table 2.1.
Some further variations were made to the E formulation to further optimise the 
sensors being produced. The ratio o f  plasticiser to binder w as varied and the 
optimum drying condition o f  the sensors w as determined, as shown in Table 2.2.
Formulation %  w/v binder Plasticiser Drying conditions
Ei 3 3 %  w/v DBP Room temp
E 2 3 2 %  w/v DBP Room  temp
e 3 3 5 %  w/v DBP Room temp
e 4 3 3 %  w/v DBP 4 °C (Fridge)
e 5 3 3 %  w/v DBP Sealed
Table 2.2: A number of variations were made on the E formulation. This varied the ratio of 
plasticiser to binder and the drying conditions used for sensor production. All formulations 
described used a 1:1 mixture of acetone to cyclohexanone as solvent.
Room temperature w as measured at approximately 20-21 °C. “Sealed” means that 
sensors were dried in a sealed environment that was saturated with acetone vapour. 
This was achieved by  using a dessicator w ith  the dessicant removed and a 10 ml vial 
filled with acetone. This created more control over the rate o f  evaporation o f  the 
solvents, which took approximately 3 hours. All formulations described in Table 2.2 
used a 1 : 1  mixture o f  acetone to cyclohexanone as solvent.
2.4.2.1 Sensor dot production
PET substrate w as cut with scissors into strips o f  approximately 3 x 10 cm. The 
strips were washed with deionised water and were air-dried. The thickness o f  the 
substrate was approximately 100 pm. The material is flexible and can be easily rolled 
for storage. 3 pi o f  the each formulation from Table 2.1 and Table 2.2 was printed
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onto PET substrate, from a fixed height o f  5 mm using a 20 |xl Brand® 
transferpipette. Approximately 50 sensors were produced from each formulation 
prepared. A  different micropipette tip w as used for each sensor formulation, in order 
to avoid any cross-contamination between formulations.
2.4.3 Analysis of prepared sensor dots
The analysis o f  prepared sensor dots w as split into tw o sections. Initially, sensors 
were rapidly screened by  a simple colour analysis method to give an indication o f  the 
homogeneity o f  a sensor dot (i.e. the evenness o f  colour), a key issue in sensor 
design. Selected sensors were then further examined using the spectral imaging 
technique outlined in Section 2.2.1.2, to investigate the prepared sensor dots that 
warranted further study.
2.4.3.1 Rapid screening of sensor dots
This screening method quickly and easily returns parameters to the user about the 
evenness o f  colour. Images were captured using a colour digital camera and were 
analysed using in-house developed LabV IEW  based software. The digital camera 
used was a M ini D V  Digital V ideo Camcorder (M odel: M V1, Canon Incorporated, 
Japan). Images were acquired with the camera at 90° to the sample (Figure 2.7), 
which was found in previous work to be the optimum setup for images to be captured 
[91], T w o macro lenses, o f  +  2 and + 4 magnification, were placed over the camera 
lens to allow a full sensor dot to be acquired in one image. The lighting setup used 
was a Polytec D C R  II continuous cold ringlight source (Lambda Photometries 
Limited, Hertfordshire, U K ). This offers better control over the temperature and 
evenness o f  the light than the ringlight used in previous work [91], The light intensity 
was set to the highest value for all image acquisitions. Additionally, a cardboard 
housing was constructed to place sensors inside when acquiring images. This was  
lined with black paper, in order to reduce the issue o f  reflected (and hence stray) 
light.
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Camera
19 cm
Figure 2.7: Image acquisition setup used for rapid analysis of sensors produced. The entire 
setup was placed inside a darkened cardboard housing to reduce stray light effects.
Once images were captured, they were transferred to a PC where the images were 
analysed using in-house developed Lab V IEW  based software [91]. This outputs a 
series o f  numerical values in bit numbers that represent a particular colour at a 
particular location within the image. This colour is broken down into red, green and 
blue (R G B) values within a user-selected area, each o f  which has an 8 -bit resolution. 
The procedure for image analysis was:
• The image file was saved in bitmap format.
• This image w as opened in the LabV IEW  software by  selecting which  
directory the file had been saved under.
• The region o f  interest (ROI) was selected as an area 15 pixels high and across 
the approximate centre o f  the dot (Figure 2.8). The same sized ROI was 
selected for each analysis; 250 pixels wide by  15 pixels high.
Ringlight
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Figure 2.8: An area
15 pixels high by 250 
pixels wide across the 
centre of a spot was 
selected for analysis. 
The false colour filter 
of green was assigned 
in software to the 
image.
• A histogram was generated in the software that shows the average values for 
the 250 pixels selected along the horizontal axis of the ROI. This file was 
saved as a data (.dat) file.
A simple Microsoft Excel macro was used to process the data in the .dat file. This 
formats the 250 data points and plots the colour intensity for each of the three colour 
channels against the position in the spot, from left to right. The macro also calculates 
the average and % relative standard deviation ( %  RSD) for each of the three colour 
channels.
In this way, the user rapidly obtains three single values (% RSD in each RGB 
channel) describing the amount of variation across a spot, which is a direct 
representation of the evenness of colour in the spot. An even-coloured spot would 
return low %  RSD values to the user; a spot with poor homogeneity would return 
higher % RSD values. Three typical sensors dots from each batch produced (Table
2.1 and Table 2.2) were analysed. The results from this section were used as a 
screening mechanism to select sensors for further analysis.
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2.4.3.2 Analysis of sensor dots with PARISS
Certain dots were selected for further analysis after the initial screening procedure 
described in Section 2.4.3.1. The PA R ISS  imaging spectrograph system  (Section 
2 .2 . 1 . 1 ) was used to scan across a ROI to determine the variation in spectral features 
across the region. This gives much more data than is possible with the screening 
method devised. 5 sensor dots from each formulation batch were examined and for 
simplicity, only one typical scan from each formulation batch is presented here.
Spectra from the centre o f  a sensor spot were classified and added to the M S library, 
as described in Section 2.2.1.2. A n  autoscan o f  a region o f  interest was then 
performed across the central region o f  an entire spot at lOOx magnification. Data was 
collected for the field o f  v iew  that falls onto the spectrometer slit, one slice at a time. 
A  total o f  1500 individual acquisitions were obtained, at an average speed o f  2 
acquisitions per second; hence it took approximately 750 seconds to build up a 
complete spectral topographical profile w ith  this setup. The spectrometer slit is 25 
(im wide by 100 Jim high; an area o f  only 2500 (im 2 is collected in any one 
acquisition. 240 spectra were collected in any single acquisition. To reduce the 
dataset to a more manageable level, every ten spectra were averaged to one, resulting 
in all 240 spectra being averaged to 24. A  full profile obtained still contains 36000 
distinct spectral features, even after averaging. A  schematic o f  the autoscan 
procedure across the surface o f  a single sensor dot is shown in Figure 2.9.
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D i r e c t i o n  o f  s c a n s  
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Figure 2.9: Schematic showing how 1500 scans are collected across the surface of an entire spot, 
at lOOx magnification. Each of the numbers represents a spectral “slice”.
The M CC w as set in the software as 0.9990. The PARISS software produces a 
histogram that shows the overall %  o f  each different spectral signature detected in a 
classified image o f  a sensor dot.
2.4.4 Effect of dye loading on sensor formulation
All sensor dots described thus far (Section 2.4.2) had a concentration o f  0.2 %  w/v 
cresol red dye. The concentration o f  dye present in a sensor could affect the 
sensitivity o f  the sensor response, the homogeneity o f  the coating and the detection 
o f  colour changes when exposed to basic gases. Batches o f  the E 5 formulation were 
prepared w ith  half the dye concentration (0 . 1  %  w/v) and tw ice the dye concentration 
(0.4 %  w/v), w ith  no changes to all other formulation components. Spectral scans at 
each concentration were obtained w ith  the PA R ISS system  as described in Section 
2 .2 . 1 .2 , to investigate the effect o f  dye loading on the homogeneity o f  the sensor 
dots. These scans allowed an optimised dye loading to be determined.
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2.4.5 D eterm ination o f  the pK a o f cresol red
A  series o f  phosphate and boric acid buffers ranging from pH 6.3 to pH 10.3 were 
prepared [92], Details o f  the buffers used are provided in Appendix A. These buffers 
were used in a study o f  the pK a o f  cresol red in free solution, compared to values 
obtained when bound in the polymer matrix, as described in the following sections.
2.4.5.1 Study of dye in free solution
1 0  m g o f  cresol red (sodium salt) w as added to a 2 0  ml sample o f  each buffer 
prepared, such that the dye concentration in each sample prepared was 0.05 %  w/v.
16 buffers solutions were used, with the majority o f  buffers prepared close to the 
literature value o f  the pK a o f  the dye [20]. A  (JV -V is spectrum o f the dye in pH  
buffer 1 0  w as collected to determine the wavelength maximum (A,max) o f  the basic 
form o f  the dye. To facilitate rapid data collection, 200 |il o f  each sample containing 
dye in buffer w as pipetted into a 96-well plate, and data were acquired on a plate- 
w ell reader (M odel (i-Quant, supplied by  M edical Supply Company, Dublin, 
Ireland). The absorbance at the ’k max w as then measured as a function o f  increasing 
pH; it took approximately 60 sec to read the entire plate. The absorbance o f  a blank 
(buffer with no dye) w as collected and was subtracted from all sample absorbance 
readings taken. A ll dye in buffer solutions were prepared in triplicate.
Best-fit logistic-sigmoid curves were fitted to the data obtained using the Solver 
function in M icrosoft Excel [93], This was achieved by  extracting the data describing 
the change in the dye response against pH and then using Solver to model the best-fit 
curve. The equation used was:
Abs(572nm) =
( 1  +  exp [ b ( p H - c ) ] ) É
+ d Equation 2.1
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where a  =  peak height at 573 nm / au (absorbance units) 
b  =  slope coefficient
c =  pH  from beginning o f  the peak to the inflection on the rise (i.e. the pK a)
d  =  baseline offset /au
e =  symmetry parameter for the sigmoid
A b s  (573nm ) =  D ye in buffer absorbance at a particular pH /au
The formula w as entered into M icrosoft Excel to model the fit o f  the data obtained. 
The residuals, the residuals squared and the sum o f the squared residuals (SSR ) were 
all computed [93]. Solver was set to minimise the SSR  value by changing the values 
o f  a, b, c  and d. The value o f  e  w as set equal to 1 and a best-fit model was obtained. 
The parameters o f  the best-fit were used to compute extrapolated values between the 
data points, e.g. every 0.05 pH units, to produce best-fit curves to the data collected. 
This facilitated the determination o f  the pK a o f  the dye.
2.4.5.2 Study of dye in polymer binder
The optimised sensor formulation was prepared as previously described (Section  
2.4.2). 6,3 mm diameter discs were cut out from cleaned, uncoated PET with a hole- 
puncher, and single discs were placed on the base o f  individual wells in a 96-well 
plate. Sensor discs were prepared in each w ell o f  the plate by pipetting 4 |U,1 o f  the 
optimised formulation into each well, and allowing the discs to dry in an acetone- 
saturated environment for ca. 3 hours. In this manner, the plastic base o f  the multi- 
w ell plate remained optically clear and undamaged by the solvents used. 1 0 0  pi o f  
buffer was then added to each well, and the absorbance values at A,tnax were collected 
using the plate-well reader. During this short timeframe (<  3 min), there was no 
discernible leaching o f  dye from the polym er matrix. The response o f  a blank (coated 
PET disc with no dye, and buffer sample) was collected and all readings were taken 
in triplicate. The absorbance data collected allowed the pK a o f  the dye in the polymer 
binder to be calculated, and hence compared to the value obtained in free solution.
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2.4.6 Study o f the effect o f  tem perature on pK a
The pK a o f  cresol red w as determined at room temperature in free solution in Section
2.4.5.1. It is important to know the effect o f  temperature on the chemistry o f  the dye, 
since the application w ill likely require the sensor to function at 4 °C, where fish are 
typically stored. The same setup as prepared in Section 2.4.5.1 w as used in this 
study, after storage overnight in a fridge at 4 °C. The absorbance at Amax was  
measured as a function o f  pH, in triplicate. The rapid scan time o f  the plate well 
reader (ca. 60 sec) ensured that all solutions were analysed with no significant 
increase in temperature.
2.4.7 Sensor calibration
50 ml o f  100 ppm N H 3 gas w as obtained by  mixing 1 %  v/v N H 3 in N 2  with pure N 2 
gas, at a flow  rate o f  500 ml/min (set via a m ass-flow controller) into a 50 ml gas- 
tight sampling barrel for ca. 6  sec. A  single sensor dot was placed face-down on a 
filter paper disc o f  1 0  m m  diameter, on top o f  a 16 mm diameter, 2 0  mm height 
polypropylene cap, with a 6 m m  hole drilled in it. The surface o f  the cap was covered  
with a small section o f  sticky tape sealed with fast-cure epoxy glue, sufficient to 
form a seal. This cap fitted tightly into a 2-necked 50 ml round-bottom flask (B14  
size). A  small stirrer bar was placed inside the setup to aid circulation o f  air, and a 
rubber seal w as used to cover the second neck o f  the flask (Figure 2.10). A  sequential 
series o f  0.5 ml N H 3 gas samples per analysis were injected through the rubber seal 
with  a gas-tight syringe, and were allowed to equilibrate with the sensor by  stirring 
for 5 min. A ll injections were repeated in triplicate.
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Figure 2.10: 2-necked flask setup that was used to calibrate sensor (in cap) against injected 
headspace ammonia samples.
The PA R ISS system  was used to monitor the spectral changes in the sensor with  
increasing N H 3 concentration. Spectra were acquired at lOx magnification in the 
central portion o f  each sensor. A ll 240 spectra were averaged to 1 in the PARISS  
software. A  blank spectrum was acquired o f  a certified reflectance white standard 
and subsequently, the acquired spectra from sensor acquisitions were ratioed to the 
average o f  the white spectrum in the software. The difference in the ratios is a 
measure o f  the decrease in light intensity due to absorbance o f  light by  the sample. It 
is essentially absorbance measured in reflectance-mode. The absorbance spectral 
data were exported to M icrosoft Excel and were baseline corrected between 650-800 
nm. A  best-fit sigmoid function w as modelled to the data by  using Solver in Excel, to 
return relevant analytical calibration data.
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2.5  R esu lts  a n d  d iscuss ion
The first set o f  results obtained describes the process o f  optimisation o f  a chemical 
formulation that produces hom ogeneous cresol red sensor dots entrapped in cellulose 
acetate. This was done using a rapid screening process and a more in-depth spectral 
reference measurement system. The effect o f  altering the dye loading on this 
optimised formulation w as investigated. The pK a o f  the dye was determined in free 
solution and w as compared to the value obtained for the dye entrapped in the 
polymer binder, to investigate any potential effects o f  polymer entrapment. A  study 
o f the effect o f  temperature on the p K a o f  the dye was performed. Finally, a 
calibration o f  the optimised sensor dots to ammonia in headspace w as performed to 
characterise analytical parameters o f  the sensor.
2.5.1 Rapid screening of sensor dots
The data obtained by rapidly analysing the RGB values across a ROI o f  the sensor 
formulations in Table 2.1 and Table 2.2 is described in this section. Three sensor dots 
from each formulation were analysed, and for simplicity, only two o f  these 
formulations are described in detail below; all other RG B sensor dot data is 
summarised in Table 2.3 and Table 2.4
2.5.1.1 RGB analysis of E3 sensors
These sensors have 3 %  w/v binder to 5 %  w/v D BP (Table 2.2). It w as plainly seen 
by eye that each o f  the sensor dots has a poor distribution o f  colour (Figure 2.11). 
They have a doughnut-type shape, w ith  a dark spot in the centre, where the 
formulation has not coated well.
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Figure 2.11: The evenness of the colour in this E3 sensor is shown to be poor. Note the poor 
spread of colour in the centre of the spot, diameter approximately 4000 |i.m. The photo was 
taken on a black background.
T he re su lts  fro m  the an a ly sis  o f  th is  sp o t sh o w  la rg e  v a ria tio n s  in  th e  R G B  values 
ac ro ss  th e  spo t (F ig u re  2 .12). T h e  %  R S D  v a lu es  fo r  ea c h  o f  th e  R G B  ch an n e ls  fo r 
th is  E 3 se n so r w ere  3 1 .79% , 2 8 .3 8 %  a n d  2 3 .4 5 %  resp ec tiv e ly . T h e  ra tio  o f  p lastic ise r 
to  b in d e r  c rea tes  p o o r  coatings. H ig h e r p la s tic ise r  co n cen tra tio n s  c rea te  a  m o re  o ily  
co a tin g , lik e ly  due  to  sa tu ra tio n  o f  the  p o ly m er m a trix  b y  th e  p las tic ise r. This 
o v e rsa tu ra tio n  o f  th e  p o ly m e r p re v e n ts  th e  sen so r fo rm u la tio n  fro m  p ro d u c in g  an  
e v e n  spo t; th e re fo re , th e re  is too  m u c h  p la s tic ise r  p re se n t in  th ese  se n so r spots.
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Figure 2.12: The variations in the RGB values correspond to the poor colour intensity across the 
E3 sensor dots.
2.5.1.2 RGB analysis of Es sensors
T h ese  sen so rs  h av e  3 % w /v  b in d e r to  3 %  w /v  D B P ; th e y  w ere  d ried  in  a  sea led  
ace to n e -sa tu ra ted  e n v iro n m e n t (T ab le  2 .2). E ach  o f  th e  senso rs h as  ex ce llen t 
h o m o g en e ity  (F ig u re  2 .13 ). T h e  E 5 sen so rs  are  m o re  o p aq u e  th a n  the  E 3 sensors 
p re v io u s ly  show n. T h e  R G B  d a ta  o b ta in ed  fro m  L ab  V IE W  an a ly sis  c lea rly  show s 
the  ev enness o f  th e  co lo u r d is trib u tio n  across th e  cen tre  o f  th e  sp o t (F igu re  2 .14). 
T h e  co rresp o n d in g  R S D  v a lu es  fo r  the  R G B  co lo u r ch an n e ls  a re  5 .85 % , 3.21 %  an d  
2 .33  %  resp ec tiv e ly .
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Figure 2.13: The evenness of the Es 
sensor dot is much better than the E3 
sensor dot shown in Figure 2.11. The 
diameter of the dot is approximately 
4000 .^m. A black border was added to 
the image for visual aid only.
Position in spot
Figure 2.14: The evenness of the colour distribution across the spot can be clearly seen in the 
evenness of the red, green and blue values across the sensor dot.
In  o rd e r to  c o m m e n t o n  the  lev e l o f  v a ria tio n  in  R G B  c o lo u r v a lues, th e  n o ise  o f  the 
sy s tem  w as ev a lu a ted . T h ree  im ag es o f  th e  b la c k  b a c k g ro u n d  w ere  tak en  as 
d e sc rib ed  in  S ec tio n  2 .4 .3 .1 . E ach  im ag e  w as  an a ly sed  a n d  th e  re su lts  a re  a d irec t 
in d ic a tio n  o f  th e  a m o u n t o f  n o ise  in h e ren t in  an y  m e a su re m e n t o f  c o lo u r v a ria tio n
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(F ig u re  2 .15). I t  w as assu m ed  th a t the  c o lo u r o f  th e  b la c k  b a c k g ro u n d  w as the  sam e 
in  th e  sm all a rea  an a ly sed ; a v a lid  assu m p tio n , since  it w as  c rea ted  from  an  in k je t 
p rin te r.
Position in spot
Figure 2.15: The variation in RGB channels across the background gives a direct indication of 
the amount of noise in the system.
T h e av e rag e  R S D  v a lu es  fo r ea c h  o f  the  R G B  ch an n e ls  fo r  the  th ree  im ag es tak en  
w ere  2 .22  % , 2 .35  % an d  2 .20  % . T h is  im p lies  th a t fo r  ev e ry  m easu rem en t tak en  
u s in g  th is  im ag in g  a c q u is itio n  setup , there  is a t le a s t a  2  %  e rro r p e r  co lo u r ch an n e l 
d u e  to  the  n o ise  o f  th e  m easu rem en t. M o st o f  th is n o ise  lik e ly  co m es from  the C C D  
a rray  o f  th e  cam era ; th e  lig h tin g  is to o  w ell c o n tro lled  w ith in  su ch  a sm all space  to  
co n trib u te  so g rea tly  to  n o ise . H en ce  th is  ty p e  o f  sy stem  is b e tte r  su ite d  to  sc reen in g  
d o ts rap id ly ; it is le ss  su ited  to  in -d ep th  co lo u r re fe ren ce  m easu rem en ts . In  sum m ary , 
the  av erag e  %  R S D  v a lu es  fo r  each  o f  the  th ree  rep lica te  senso rs fo r  each  
fo rm u la tio n  “A ” th ro u g h  “E ”  w as  ca lcu la ted , an d  th e  re su lts  a re  sh o w n  in  T ab le  2.3.
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F o rm u la tio n %  R S D  (n = 3 )
R ed G reen B lu e
A 9.34 5.28 4 .3 6
B 8.42 5 .54 5 .50
C 9.12 3.71 3 .76
D 9.49 9 .78 7.43
E 6.95 5.73 5 .49
Table 2.3: The % RSD in all colour channels, for each formulation "A" through "E", gives a 
rapid and clear indication of the approximate evenness of colour.
E x a m in a tio n  o f  th e se  re su lts  c lea rly  sh o w s la rg e  a m o u n ts  o f  va ria tio n  in  sen so rs  “A ” 
th ro u g h  “ D ” . S en so r fo rm u la tio n s  c o n ta in in g  D O S  and  N P O E  p la s tic ise rs  are  poor. 
In sp ec tio n  b y  eye sh o w s th a t th e  se n so r  do ts  p re p a re d  fro m  th e se  fo rm u la tio n s are 
n o t h o m o g e n e o u s  o r  rep ro d u c ib le . T h ey  are n o t u se fu l in  th is  ap p lica tio n  an d  are 
h e n ce  u n su itab le  fo r  fu r th e r  s tudy . C o n v e rse ly , th e  fo rm u la tio n  co n ta in in g  D B P 
c rea te s  co a tin g s  th a t a re  m u c h  m o re  even . A t a  ch e m ic a l lev e l, th is  is d ifficu lt to 
in te rp re t; it is lik e ly  th a t D B P  sim p ly  d is trib u te s  i ts e lf  m o re  ev en ly  th a n  e ith e r  o f  the  
o th e r tw o  p la s tic ise rs  te s ted . S e c tio n  1.4.5.1 d e sc rib es  ho w  th e  p la s tic ise r  a ffec ts  the 
bulk p ro p e rty  o f  the  p o ly m e r  m a tr ix  [41], and  w a s  h e n ce  se lec ted  on  a tr ia l-an d -e rro r 
b a s is , ra th e r  th an  p re d ic tin g  the  e ffec tiv en ess  o f  a p a r tic u la r  fo rm u la tio n .
B y  ex am in in g  th e  se n so rs  p ro d u c e d  by  eye, in  c o n ju n c tio n  w ith  the  rap id  sc reen in g  
o f  R G B  c o lo u r ev en n ess  d esc rib ed , it w as c lea r  th a t th e  E -ty p e  fo rm u la tio n  w as 
p ro d u c in g  the  b e s t sen so rs . F o r  m o s t sen so rs , the  %  R S D  o f  th e  re d  ch an n e l is 
u su a lly  h ig h e r th an  fo r  g re e n  o r  b lue . T h is is lik e ly  to  b e  ex p la in ed  b y  the  au to ­
c o m p en sa tio n  o f  th e  d ig ita l cam era . T h e  a m o u n t o f  v a ria tio n  in  each  o f  th e  th ree  
c o lo u r  ch an n e ls  is n o t n e c e ssa r ily  th e  sam e. T h e  cam e ra  c o m p en sa te s  in  a d iffe ren t 
m a n n e r  fo r  each  c o lo u r  ch an n e l, d ep en d in g  u p o n  th e  lig h tin g  co n d itio n s th a t are 
u sed . T h is  is d o n e  u s in g  h ig h ly  co n v o lu ted  p ro p rie ta ry  co m p en sa tio n  a lgo rithm s, 
d es ig n ed  fo r  th e  h o m e -u se r  m a rk e t to  c rea te  ev en  illu m in a tio n  in  m o st ligh tin g
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co n d itio n s. A  h ig h e r  sp e c if ic a tio n  ca m e ra  m ay  rem o v e  th is  p ro b lem ; th e  co s t o f  such  
a cam era  esca la tes  rap id ly , h o w e v e r  [94],
A  n u m b e r  o f  d iffe re n t v a r ia tio n s  in  th e  E -ty p e  fo rm u la tio n  w ere  ex am in ed  in  o rd e r to  
fu rth e r o p tim ise  the  c h e m is try  an d  th e  se n so r p ro d u c tio n  p ro cess . A n a ly s is  o f  E i 
th ro u g h  to  E 5 se n so r d o ts  w a s  a g a in  p e rfo rm e d  as p e r  S ec tio n  2 .4 .3 .1  (T ab le  2 .4).
F o rm u la tio n %  R S D  (n = 3 )
R ed G reen B lu e
E, 6 .95 5.73 5.49
e 2 1 0 . 0 2 6.81 5 .82
e 3 17.04 17.46 13.32
e 4 5 .9 6 5.24 5.13
E 5 5 .08 4 .69 4 .18
Table 2.4: The variation in red, green and blue colour intensities for a number of different 
sensor formulations and production methods.
T h ese  resu lts  sh o w  a  c o n s is te n t ev en n ess  o f  c o lo u r  fo r  e a c h  o f  the  R G B  co lo u r 
ch an n e ls  fo r  sen so rs  E i, E 4 an d  E 5. T h e re  is an  u n a c c e p tab le  am o u n t o f  co lo u r 
v a ria tio n  seen  fo r  th e  E 2 an d  E 3 sensors. T h e  ra tio  o f  b in d e r  to  p la s tic ise r  is c lea rly  a 
k ey  issu e  in  the  c h e m is try  o f  th e  fo rm u la tio n  to  p ro d u c e  a n  e v e n ly  co a ted  se n so r dot. 
T o o  little  o r to o  m u c h  p la s tic is e r  p ro d u ces  u n e v e n  co a tin g s.
A t th is  s tage  o f  a n a ly s is , i t  is  n o t p o ss ib le  to  te ll w h ic h  se n so r  fo rm u la tio n  and  
p ro d u c tio n  m e th o d  is w o rk in g  the  best. T h e  p u rp o se  o f  th e  sc reen in g  m e th o d o lo g y  
w a s  to  rem o v e  th o se  sen so rs  th a t w ere  n o t w o rth y  o f  fu r th e r  an a lysis; th ese  h av e  
b e e n  se lec ted  as th e  A  th ro u g h  D  senso rs an d  th e  E 2 an d  E 3 sensors. T h e  rem ain in g  
sen so rs , n am ely  E j, E 4 a n d  E 5 sen so rs , w e re  se lec ted  fo r  fu r th e r  an a ly sis  w ith  a m ore  
in -d ep th  c o lo u r an d  sp e c tra l re fe re n c in g  system .
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2.5.2 Analysis o f sensors using PARISS
F u rth e r an a lysis  w as  p e rfo rm ed  fo r sen so r fo rm u la tio n s E i, E 4 an d  E 5, as d esc rib ed  in  
S ec tio n  2 .4 .3 .2 . A u to scan s  w ere  g en e ra ted  fo r  th ese  g ro u p s  o f  sen so r do ts  to  g ive an  
in d ica tio n  o f  th e  ev en n ess  o f  th e  coating , and  th is  p ro d u c e d  d a ta  w ith  a h ig h e r 
re so lu tio n  th a n  is  p o ss ib le  w ith  th e  sim p le  8 -b it im ag in g  sy s tem  d esc rib ed  in  S ection
2.4 .3 .1 .
2.5.2.1 Ei sensors (dried in air)
A  sp ec tra l to p o g rap h ica l p ro file  fo r  o n e  o f  the  E i sen so r d o ts  is sh o w n  in  F ig u re  2 .16. 
T h is c ro ss-sec tio n  sh ow s th a t m u c h  o f  the sp o t is re tu rn in g  the  sam e spectra l 
s igna tu re , w h ich  h as  b e e n  c lassified  in  red. T h e  edges o f  th e  spot, co lo u red  as 
y e llo w , w ere  c la ss ified  as d iffe ren t th an  the  red  reg io n s. T h e  b lack  reg io n s  o f  the  
p ro file  are a reas  w h ere  th e  fo rm u la tio n  d id  n o t c o a t o r  d ry  w ell. A lth o u g h  loca lised , a 
p h o to  cap tu red  b y  th e  P A R IS S  im ag e  cam era  (F igu re  2 .1 7 ) sh o w s th a t su rface  o f  the  
spo t is c o v e red  in  m an y  tin y  p in h o les . T h e  edges o f  th e  sen so r sp o t h a v e  c lea rly  d ried  
d iffe ren tly  th a n  th e  re s t o f  th e  spot.
E d g e  o f  spo t C en tre  o f  spo t E dge o f  spo t
Figure 2.16: Spectral topographical profile for an Ej sensor dried in air. Scans were performed 
at lOOx magnification to generate the cross-section shown.
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Figure 2.17: An image of an Ei sensor captured with the PARISS system image camera at lOOx 
magnification shows small "pinhole" regions where the formulation has not evenly dried. This 
may be due to the rate of solvent evaporation from the surface. The difference between the 
centre and edges of the spot is clearly shown.
A n a ly s is  o f  th e  %  co m p o sitio n  o f  th e  c la ss if ied  im ag e  sh o w s th a t o v e r 90  %  o f  the  
o v era ll sp ec tra l s ig n a tu re  is c o m p rised  o f  th e  sp ec tru m  c la ss if ied  in  re d  (F ig u re  2 .18 ), 
w ith  ap p ro x im a te ly  8 %  o f  th e  sp o t c la ss if ied  as d iffe ren t, in  ye llow .
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Figure 2.18: The % 
composition of the 
classified image shows 
that over 90 % of the 
correlated spectra are 
comprised of the same 
spectral signature, with 
the MCC set to 0.9990.
T his is a  v e ry  p o s itiv e  resu lt. T h e  m a jo rity  o f  th e  sp o t is co m p rised  o f  the  sam e 
sp ec tra l s ig n a tu re , ev e n  w ith  a  h ig h  M C C  d u rin g  sp ec tra l c la ss ifica tio n . T h is is 
s ig n ifican t, s ince  i t  im p lie s  th a t a sp ec tra l read in g  tak en  fro m  o v e r 90 %  o f  the  spo t 
w o u ld  re tu rn  th e  sam e  read in g . T h ere  a re  so m e m in o r  co n cern s ab o u t th e  d is trib u tio n
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o f  the  fo rm u la tio n  h o w ev er. T here  are  m a n y  “p in h o le s” in  th e  sp o t th a t c a n  b e  seen  
u n d e r  h ig h  m ag n ifica tio n . E v e n  th o u g h  th is  b a tch  o f  sen so r d o ts ap p ea rs  to  b e  v e ry  
ev en ly  co a ted , th e re  a re  sm all reg ions w h ere  th e  fo rm u la tio n  h as  n o t d rie d  w e ll, an d  
th is  w as a  ty p ica l a r te fa c t fo r  a ll o f  th e  E i se n so r  d o ts exam in ed . I t  is d ifficu lt to  
ex p la in  th is  easily , b u t it  m ay  be  d u e  to  th e  ra te  o f  e v a p o ra tio n  o f  so lv en ts  fro m  the  
su rface , s ince  th e re  is a  la ck  o f  co n tro l o v e r th e  d ry in g  co n d itio n s  d u rin g  the sen so r 
p ro d u c tio n  p rocess. T o  see w h a t a ffec t th e  d ry in g  co n d itio n s  h a d  o n  the  ev en n ess  o f  a 
sen so r co a tin g , sen so r d o ts w ere  p re p a re d  a t 4  °C  (E 4) an d  in  a  sea led  acetone- 
sa tu ra ted  en v iro n m en t (E 5 ).
2.5.2.2 E4 sensors (dried at 4 °C)
A n  au to scan  o b ta in ed  fo r  o n e  o f  the E 4 sen so r do ts (F ig u re  2 .1 9 ) show s an  u n ev en  
sp ec tra l to p o g rap h y .
I
'>V-/j - 1
Figure 2.19: Spectral topographical information for an E4 sensor dried in air. Scans were 
performed at lOOx magnification. The uneven spectral distribution is clearly seen. The black 
regions are the edges of the spot.
T h ere  are  tw o  m a in  sp ec tra l s ig n a tu res  th a t w ere  c la ss if ie d  b y  th e  P A R IS S  so ftw are , 
o ne  co lo u red  b lu e  an d  o n e  co lo u red  red. T he re la tiv e  am o u n ts  o f  each  o f  these  
sp ec tra l s ig n a tu res  are  a lm o st equa l, an d  the  o v era ll %  o f  each  o f  th e se  reg io n s is 
sh o w n  in  F ig u re  2 .20 .
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Figure 2.20: The % 
composition histogram 
of the classified image 
reveals that the E4 
sensor is comprised of 
two main spectral 
signatures, shown as 
blue and red. Scans 
were obtained with a 
MCC of 0.9990.
T h e u n ev en  sp ec tra l to p o g rap h y  c lea rly  sh ow s th a t th e  sen so r fo rm u la tio n  d id  no t 
co a t w ell. T he ap p a re n t d iffe rence  b e tw e e n  th e  re d  an d  b lu e  c la ss ified  sp ec tra l 
s ig n a tu res  w as  n o t d e tec tab le  b y  eye. O ne  e x p lan a tio n  fo r  th e  p o o r  sen so r do t 
fo rm a tio n  is th e  ra te  o f  d ry ing . A  lo w  tem p era tu re  m e a n s  th a t the  sp o t d ries very  
slow ly  and , ap p aren tly , un ev en ly . T h is sugg ests  th a t m o re  co n tro l is n e ed ed  o v e r the 
ra te  o f  d ry in g  o f  th e  spot.
2.5.2.3 Es sensors (dried in sealed environment)
A n  au to scan  o f  a n  E 5 sen so r (F igu re  2 .21 ) rev ea ls  a  co n s is ten t sp ec tra l to p o g rap h y  
ac ro ss  th e  c ro ss -se c tio n  o f  th e  sen so r dot.
Figure 2.21: The spectral topography of an E5 sensor dried in a sealed, acetone-saturated 
environment demonstrates that the majority of the spot is comprised of the same spectral 
signature. The MCC was set at 0.9990. The black regions are the edges of the spot.
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C learly  th is  is v e ry  sa tis fac to ry  resu lt, w ith  th e  v a s t m a jo rity  o f  the  spo t co m p rised  o f  
th e  sam e sp ec tra l s ig n a tu re , c la ss ified  as red . T h e  %  co m p o s itio n  h is to g ram  (F igu re  
2 .2 2 ) co n firm s the  sam e  resu lt.
Figure 2.22: The % 
composition histogram 
clearly shows the
majority of the spot is 
comprised of the same 
spectral signature,
classified as red.
S ensors p rep a red  fro m  the  E 5 fo rm u la tio n  w ere  ty p ica lly  s im ila r an d  th is is an  
ex ce llen t resu lt. I t im p lie s  th a t a spectra l o r co lo u r m e asu rem en t can  b e  tak en  from  
p rac tica lly  an y w h ere  in  the  spot, to  re tu rn  th e  sam e n u m erica l value. R eg ard less  o f  
w h a t tech n o lo g y  is u se d  to  in te rro g a te  the  se n so r d o t (d ig ita l cam era , by  eye, o r 
spec tra lly ), th e  co a tin g s p rep a red  are  co n sis ten tly  even . T h is  ch em ica l fo rm u la tio n  
w a s  h en ce  se le c te d  fo r  fa r th e r  study  fo r  m o n ito rin g  am in es  re lea sed  from  sp o iling  
fish  sam ples. T h e  fo llo w in g  sec tio n s in  th is  ch ap te r  d escrib e  w o rk  th a t w as 
p e rfo rm ed  to  fu rth e r  ch a rac te rise  the o p tim ised  sen so r do ts p roduced .
2.5.3 Effect of dye loading on the sensor formulation
T h e  sp ec tra l d a ta  o b ta in e d  fo r  sen so r do ts co n ta in in g  0 .2  %  w /v  c reso l red  (S ec tio n  
2 .5 .2 .3 ) c lea rly  sh o w s a  h o m o g en eo u s sen so r has b een  p ro d u ced . F ig u re  2 .23  show s 
a ty p ica l sp ec tra l to p o g rap h ica l p ro file  th a t w as o b ta in ed  fo r  sen so r d o ts  con ta in in g  
h a l f  the  a m o u n t o f  d y e  (0.1 %  w /v) co m p ared  to  th e  E 5 fo rm ula tion .
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Figure 2.23: A typical spectral topographical profile obtained when the dye loading was half of 
that previously tested (0.1 % w/v), with a MCC of 0.9990. The black regions are the edges of the
It can  be  c lea rly  seen  th a t a lth o u g h  m o st o f  the  sp o t is c o m p rised  o f  o n e  spectra l 
s ig n a tu re  ( lig h t g reen ), th ere  are  th ree  o th e r sp ec tra l fea tu res  th a t w ere  c la ssified  as 
d iffe ren t (d a rk  g reen , p in k  an d  red ). T he re la tiv e  %  co m p o sitio n  o f  th e  c lassified  
im ag e  in  F ig u re  2 .23  is sh o w n  in  F ig u re  2 .24.
Figure 2.24: The % composition histogram of the classified image shows clearly that over 25 % 
of the image is classified as different to the main spectral signature (light green).
R ed u c in g  th e  dye  lo ad in g  b y  tw o  h as  c learly  h a d  a n  ad v erse  e ffec t on  the  
h o m o g en e ity  o f  th e  se n so r  do ts p roduced . T h e  dye  n o  lo n g e r d is trib u tes  i ts e lf  even ly  
w ith in  th e  co a ted  sen so rs , an d  th is  is u n accep tab le . F ig u re  2 .25  sh ow s a  ty p ica l 
sp ec tra l to p o g rap h ica l p ro file  th a t w as o b ta in ed  fo r sen so r do ts c o n ta in in g  tw ice  th e  
am o u n t o f  d y e  (0 .4  %  w /v ) as the  E 5 fo rm ula tion .
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Figure 2.25: A typical spectral topographical profile obtained when the dye loading was twice 
that previously tested (0.4 % w/v), with a MCC of 0.9990. The black regions are the edges of the
T h e  sp ec tra l fea tu res  seen  in  th is  ty p ica l sen so r d o t are  s im ila r  to  th o se  w h en  th e  dye 
lo a d in g  w as 0.1 %  w /v  (F igure  2 .23 ). T h e  %  co m p o s itio n  h is to g ram  o f  th e  c la ssified  
im ag e  co n firm s the  d iffe ren t sp ec tra l fea tu res  (F ig u re  2 .26).
% Composition - Classified Image
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Figure 2.26: The %
composition histogram 
of the classified image 
shows clearly that over 
40 % of the image is 
classified as different to 
the main spectral 
signature (light green).
A lth o u g h  th ere  is 60 %  o f  the sen so r d o t co m p o sed  o f  th e  sam e sp ec tra l s ignatu re  
(lig h t g reen ), th ere  are  o th e r  spectra l fea tu res  th a t m an ife s t th em se lv es  a t the  edges o f  
th e  sen so r do ts. I t is  d iff ic u lt to  p red ic t w h y  th is  is h ap p en in g , b u t p e rh ap s  it is an  
a rte fac t th a t is in tro d u ced  d u rin g  th e  d ry in g  o f  th e  sen so r d o t d u rin g  the sen so r 
p ro d u c tio n  p ro cess . I t  is  p o ss ib le  th a t the se n so r d o t d rie d  d iffe ren tly  w h en  the  
co n cen tra tio n s  o f  th e  ch em ica l co m p o n en ts  w ere  a lte red . A p p a ren tly  to o  m u c h  o r too  
little  dye  cau ses  u n e v e n  sen so r do ts  to  b e  p ro d u c e d  w ith  th e  cu rren t chem ica l 
cock ta il. T h e  b a lan ce  b e tw e e n  th e  co m p o n en ts  in  the  fo rm u la tio n  w o u ld  h av e  to  be 
a lte re d  i f  the  dye  lo a d in g  is changed .
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C h an g in g  th e  d y e  lo ad in g  w ill h av e  a m ark ed  e ffec t o n  th e  sen s itiv ity  o f  th e  re sp o n se  
o f  the  senso r. A  re d u c tio n  in  the  a m o u n t o f  d y e  p re se n t w ill re d u c e  the  u p p e r  lim it o f  
d e te c tio n  o f  th e  se n so r to  b asic  c o m p o u n d s , as th e  se n so r w ill b eco m e  sa tu ra ted  a t 
lo w e r  e x p o su re  lim its . T h e  lo w e r lim it o f  d e te c tio n  m ay  b e  im p ro v e d  h ow ever. 
C o n v e rse ly , in c rea s in g  th e  dye  lo ad in g  w ill w id en  th e  w o rk in g  ra n g e  o f  th e  sensor, 
s ince  it w ill tak e  m o re  b as ic  c o m p o u n d s  to  sa tu ra te  the  dye . T h e  sen sitiv ity  a t the 
lo w e r ran g e  o f  d e te c tio n  w ill be  ra ise d  h o w ev er. In  g en era l, th e re  is a  tra d e -o ff  
b e tw een  th e  w o rk in g  ra n g e  an d  lo w e r lim it o f  d e tec tio n  o f  th e  sen so r, w h ic h  can  b e  
tu n ed  b y  a lte rin g  th e  d y e  lo ad ing . A t p re sen t, th e  o p tim ise d  dye  co n cen tra tio n  is  0 .2  
%  w /v , in  v iew  o f  th e  fa c t th a t th is  p ro d u ces  th e  m o s t h o m o g e n e o u s  sen so r dots. T h is 
is  th e re fo re  the  d y e  c o n c e n tra tio n  th a t w as u se d  fo r  a ll fu r th e r  s tud ies.
2.5.4 Comparison study of the pKa of the dye in free solution and 
polymer binder
2.5.4.1 Free solution study
A  U V -V is  scan  o b ta in ed  o f  the  c reso l red  dye  in  p H  10 b u ffe r  is  sh o w n  in  F igu re  
2 .27 . T h e  A,max w as d e te rm in e d  fro m  th is  sp ec tru m  to  b e  573 n m . T h is  is very  c lo se  to  
th e  lite ra tu re  va lu e  o f  5 7 0  n m  [20],
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Figure 2.27: UV-Vis spectrum of cresol red in pH 10 buffer, taken to determine the A™,* of the 
dye in free solution.
T h e co lo u rs  o f  ea c h  o f  the  dye  sam p les  in  b u ffe r  v a ried  fro m  y e llo w  to  p u rp le , and  
are  sh o w n  in  F ig u re  2 .28 . T h e  ab so rb an ce  at 573 n m  w as  m easu red  fo r each  o f  the  
dyes in  b u ffe r  so lu tio n s, in  trip lica te , and  a b e s t-f it s ig m o id  m odel w as  fitted  to  the  
da ta  u s in g  S o lv e r (F igu re  2 .29 ). T he p a ram e te rs  o f  th e  b e s t-f it m o d e l a id ed  the 
d e te rm in a tio n  o f  th e  p K a o f  the  dye  in  free  so lu tion .
• j
Figure 2.28: The cresol red dye in buffer samples varies in colour from yellow (protonated form) 
to purple (deprotonated form).
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Figure 2.29: The absorbance of the (lye at 573 nm as a function of pH for the dye in free 
solution. The error bars are ± standard deviation, where n=3. The sum of squared residuals for 
the best-fit curve is 0.0330.
T h e  v alue  o f  th e  pK„ o b ta in ed  (th e  “ C ” p a ram e te r)  w as 8 .0 1 ±  0 .0 17 (0 .2 2  %  R SD , 
n= 3). T h e re  is so m e  d ev ia tio n  b e tw een  th is  an d  the lite ra tu re  value  o f  8 .3 0  [20]; this 
m ay  be in p a rt d u e  to  d iffe ren ces  in b a tc h -to -b a tch  pu rity  o f  the  dye , w h ich  is on ly  
9 5 %  pure. H en ce , th e  sam e batch  o f  c reso l red  d y e  w as u sed  for all th e  s tu d ie s  that 
w ere  ca rr ied  ou t in  th is  thesis.
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2.5.4.2 Polymer binder study
T he w o rk  sh o w n  in  S ec tio n  2,5 .4 .1  w a s  re p e a te d  fo r  c reso l re d  e n trap p ed  in  the  
ce llu lo se  p o ly m e r m a trix . A  U V -V is  sc a n  a t p H  10 (n o t sh ow n) w as  co llec ted  to  
show  th a t the  Alnax o f  th e  d y e  d o e sn ’t sh if t in  th e  p o ly m e r  m a trix . A  b e s t- f it  s ig m o id  
fu n c tio n  w as m o d e lle d  to  th e  a b so rb an ce  d a ta  a t 573 n m  (F ig u re  2 .3 0 ), to  a llo w  the 
p K a o f  th e  en tra p p e d  d y e  to  b e  d e te rm in ed . T h e  v a lu e  o f  th e  pKa w as  c a lc u la ted  as 
7 .98  ±  0 .020  (0 .25  %  R S D , n = 3 ).
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Figure 2.30: The absorbance of the dye at 573 nm as a function of pH for the dye entrapped in 
the cellulose polymer matrix. The error bars are ± standard deviation, where n=3. The sum of 
squared residuals for the best-fit curve is 0.0114.
2.5.4.3 Comparison of data
T h e d a ta  co m p a rin g  v a lu e s  o b ta in e d  in  free  so lu tio n  to  those  en trap p ed  in  the 
p o ly m er b in d e r  a re  sh o w n  in  T ab le  2 .5 . S e c tio n  1 .4 .5 .2  re v iew ed  lite ra tu re  th a t n o te d  
resu lts  s im ila r  to  th o se  d e sc rib ed  in  th is  sec tion .
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F o rm at o f  dye p K a
In  free  so lu tio n  
In  p o ly m e r m a trix
8.01 ± 0 .0 1 7  
7 .98  ±  0 .020
Table 2.5: Summary of shifts in pKa of the dye in free solution and entrapped in the cellulose 
polymer matrix. n=3 for all replicate measurements performed.
T h ese  are  v e ry  p o s itiv e  re su lts . T h e  p K a d o es n o t  s ig n ifican tly  sh if t w h en  tra p p e d  in  
th e  ce llu lo se  p o ly m e r b in d e r; h e n c e  th e  se n s itiv ity  o f  th e  dye  in  th e  se n so r  sp o t w ill 
n o t b e  a ffec ted  w h e n  in te rac tin g  w ith  b as ic  gas co m p o u n d s.
2.5.5 Study of the effect of temperature on pKa
T h e p K a a t ro o m  tem p e ra tu re  (21 °C) w as  d e te rm in e d  to  b e  8.01 ±  0 .017 . T h e  sam e 
so lu tio n s w ere  a n a ly sed  a t 4  °C, an d  a b e s t-f it  s ig m o id  fu n c tio n  w a s  m o d e lle d  to  th e  
ab so rb an ce  d a ta  a t 573 n m  (F igu re  2 .3 1 ), to  a llo w  th e  p K a a t 4  °C to  b e  de te rm in ed . 
T he p K a from  F ig u re  2.31 w as  c a lc u la ted  as 7 .9 7  ±  0 .019 . T h u s  a ch an g e  in  
tem p era tu re  o f  a lm o s t 2 0  °C in tro d u c e d  n o  m a jo r  e ffe c t o n  th e  ch em is try  o f  th e  dye.
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Figure 2.31: The absorbance of the dye at 573 nm as a function of pH for the dye in free solution 
at 4 °C. The error bars are ± standard deviation, where n=3. The sum of squared residuals for 
the best-fit curve is 0.0014.
An overlay  o f  both best-fit sigm oid functions obtained, show n in Figure 2.32, clearly 
proves that the chem istry  o f  the dye is not affected by this tem perature shift. This is 
an  excellent result that dem onstrates the suitability  o f  the sensor dots to be placed at 
4  °C on fish packaging. The sensor dots are suitable for any conditions between 
refrigerated  and room  tem perature, and the tem perature o f  the system  (provided it is 
betw een these tw o values) does not need to  be taken into consideration when a 
sensor dot reading is taken.
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Figure 2.32: An overlay of both best-fit sigmoid functions obtained at room temperature and 4 
°C. The data at both temperatures is very similar. Thus the temperature of the system (once 
between these limits) does not need to be taken into consideration when a sensor reading is 
taken.
2.5.6 Calibration of sensors to headspace NH3
S p ec tra  w ere  acq u ired  w ith  the  P A R IS S  sy stem  to m o n ito r  th e  ch an g es o f  th e  senso r 
w ith  in c reas in g  N H 3 co n cen tra tio n . E ach  sp ec tru m  acq u ired  w as ra tio ed  to  the 
sp ec tru m  o f  a w h ite  re flec tan ce  standard , and  so ftw are -co n v erted  in to  abso rbance  
v a lu es . T he sen so r c o lo u r c h an g ed  rap id ly  (ca. <  30 s, o b se rv ed  b y  ey e) from  y e llo w  
to  p u rp le  w ith  each  seq u en tia l in jec tio n  o f  N H 3 . T h is  re sp o n se  tim e  is co m p arab le  to  
v a lu es  from  th e  lite ra tu re  (S ec tio n  1.4.5.2). A fte r ca. 30 s, no  fu rth e r  co lo u r changes 
w ere  o b se rv ed  b y  eye , i.e . th e  sen so r h as  reach ed  e q u ilib riu m  w ith  th e  am m onia. 
F ig u re  2 .33 show s th e  sen so r c o lo u r ch an g es th a t w e re  o b se rv e d  fo r  5 sam ple  
in jec tio n s  fo r  the  sam e sensor.
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Figure 2.33: The colour changes that were seen (after 5 min) from 0 ppm NH3 (left) to 8.62 ppm 
NH3 (right). Each of the photos were taken with a generic digital camera and are presented for 
visual aid only.
T h e  h ead sp ace  N H 3 co n cen tra tio n  w as  ca lcu la ted  u s in g  th e  fo llo w in g  equation :
V.
Cm  =  —^  X 100 p p m  Equation 2.2
3 Vh
w h ere  CV //j= co n cen tra tio n  o f  N H 3 in  h ead sp ace  /p p m  
Vinj =  v o lu m e  o f  N H 3 g as in je c te d  in to  flask
Vh =  H ead sp ace  v o lu m e  o f  f la sk  =  50  m l +  v o lu m e  o f  sen so r cap  (2 .198  m l, 
d e te rm in ed  g rav im e trica lly  b y  f illin g  w ith  w ater).
T h e  v a lu es  o b ta in ed  w ere  m u ltip lied  b y  100, as th is w as  th e  c o n c e n tra tio n  o f  the 
sto ck  N H 3 sam ple. F ig u re  2 .3 4  sh o w s 7 ex am p le  sp ec tra  th a t w ere  o b ta in ed  fo r  7 
d iffe ren t in jec tio n s o f  am m o n ia . T h e  ris in g  resp o n se  o f  th e  sen so rs  a t X^ax is  c learly  
ev id en t. A  b es t-fit s ig m o id  fu n c tio n  w as  m o d e lled  to  th e  a b so rb an ce  d a ta  a t 573 n m  
c o lle c te d  in  re flec tan ce -m o d e , an d  is sh o w n  in  F ig u re  2 .35 .
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Figure 2.34: 7 full sensor spectra are shown for increasing NH3 concentration in headspace 
(given in the legend in ppm). The absorbances were measured in reflectance-mode, 5 min after 
an injection was made. The rise at the A.inilI (573 nm) is clear.
Headspace ammonia concentration /ppm
Figure 2.35: The spectral absorbance of the sensor dot at 573 nm as a function of increasing NH3 
headspace concentration. The absorbances were measured in reflectance-mode. The error bars 
are ±  standard deviation, where n=3. The sum of squared residuals for the best-lit curve is 
0.0 0 0 1 .
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F ig u re  2 .3 4  sh o w s  th a t  th e  p o s it io n  o f  th e  d o e s  n o t  sh if t w ith  in c re a s in g  s e n so r  
re sp o n se . T h e  e x c e l le n t  f i t  to  th e  d a ta  in  F ig u re  2 .3 5  is  s e e n  in  th e  S S R  v a lu e  fo r  th e  
b e s t- f i t  m o d e l. T h e  s ta n d a rd  d e v ia t io n  (6 .3 5  %  R S D )  is  a ls o  a c c e p ta b le  fo r  th re e  se ts  
o f  in je c t io n s  th a t  w e re  p e rfo rm e d . T h e  m id -p o in t  o f  th e  s ig m o id  fu n c tio n  w a s  a t  5 .8 6  
p p m  N H 3 h e a d s p a c e  c o n c e n tra t io n  fo r  th e  b e s t- f i t  c u rv e  sh o w n . T h e  pK a o f  c re so l re d  
e n tra p p e d  in  th e  p o ly m e r  b in d e r  w a s  a lr e a d y  s h o w n  to  b e  7 .9 8  ±  0 .0 2 0 . H e n c e , it is 
v a lid  to  a s su m e  th a t  th e  h e a d s p a c e  p H  w a s  ca. 8  w h e n  th e  h e a d s p a c e  N H 3 
c o n c e n tra t io n  w a s  ca . 5 .9  p pm .
T h e  l in e a r  p o r t io n  o f  th e  d a ta  c o lle c te d  g a v e  a n  e q u a tio n  o f  th e  l in e  (y  =  0 .0 2 5 5 x  - 
0 .0 6 3 2 )  th a t  w a s  u s e d  to  f i l te r  o u t  th o s e  d a ta  th a t  w e re  o u ts id e  a  5 %  to le ra n c e  o f  
d e v ia t io n  f ro m  th e  b e s t- f i t  s ig m o id  fu n c tio n  (F ig u re  2 .3 6 ) . T h e  lo w e r  lim it  o f  
d e te c tio n  (L O D ) o f  th e  s e n s o r  re s p o n s e  w a s  c a lc u la te d  a s  th r e e  t im e s  th e  s ta n d a rd  
d e v ia t io n  o f  th e  b a s e l in e  re s p o n s e  (L O D  =  3 a ) .
Headspace ammonia concentration /ppm
Figure 2.36: The linear portion of the spectral absorbance measured in reflectance-mode of the 
sensor dot at 573 nm was used to Alter out those data that were outside a 5 %  tolerance from the 
best-fit sigmoid function, to determine the upper and lower limits of linearity of the sensor 
response to NH3. The error bars are ±  standard deviation, where n=3.
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F rom  F igu re  2 .3 6 , the  lo w er and u p p er lim its  o f  lin ea rity  w ere  3 .65 p p m  ±  0 .235  ppm  
and  8.95 p p m  ±  0 .5 7 7  ppm  re sp ec tiv e ly  (n= 3). T h e  s tan d ard  d ev ia tio n  o f  the  baseline 
w as 0 .0 0 0 3 3  au , used  to  ca lcu la te  the  lo w er L O D  as 0 .35  ppm . Put s im p ly , the  sen so r 
can  d e tec t N H 3 in h ead sp ace  from  0 .35  p p m , but o n ly  re sp o n d s  in a lin ea r fashion 
from  3 .65  -  8 .95  ppm . A bo v e  8 .95 p pm , th e  se n so r re sp o n se  is sa tu ra ted , and is 
p u rp le  in c o lo u r  (F ig u re  2 .33). T h is  is q u ite  a n a rro w  w o rk in g  ran g e , a ttrib u ted  to the 
ch em is try  o f  the  d y e  th a t beco m es sa tu ra ted  at co n cen tra tio n s  o f  N II3 >  10 ppm . 
T h e re  a re  p o ten tia l w ay s to  in crease  th e  u p p e r  lim it o f  d e tec tio n  o f  the  sen so r, and 
th ese  are  d iscu ssed  in C h ap te r  6 .
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2.6 C o n c lu s io n
T he firs t p a rt o f  th is  ch ap te r  w as c o n c e rn e d  w ith  o p tim is in g  th e  se n so r  fo rm u la tio n  
an d  se n so r p ro d u c tio n  p ro cess  to  p re p a re  h o m o g en eo u s  se n so r do ts. D iffe ren t 
b a tc h e s  o f  sen so rs  w ere  p ro d u ced , w h ic h  in c lu d ed  te s tin g  th ree  d iffe re n t p la s tic ise rs  
in  d iffe re n t ra tio s  to  the  p o ly m e r b in d e r, in  d iffe re n t so lven ts. A  s im p le  sc reen in g  
p ro c e ss  w a s  d ev e lo p ed , u s in g  a d ig ita l im a g in g  se tu p  an d  R G B  an a ly s is , th a t a llow ed  
th o se  sen so rs  n o t w o rth y  o f  fu rth e r  s tu d y  to  be  rem o v ed . S e lec ted  sen so rs  o f  in te rest 
w ere  s tu d ie d  in  m o re  d e ta il w ith  th e  im a g in g  sp ec tro g rap h  (P A R IS S ) sy stem , w h ich  
i ts e lf  is d e sc rib ed  in  d e ta il in  th e  in s tru m e n ta tio n  sec tion . S p a tia lly  re so lv e d  spectra l 
to p o g ra p h ic a l p ro file s  w ere  g en e ra ted , w ith  %  h is to g ram s th a t d e sc rib e  th e  re la tive  
p ro p o rtio n s  o f  in d iv id u a l sp ec tra l s ig n a tu re s  in  a se n so r dot. T h is  d a ta , c o u p led  w ith  
a s tu d y  o f  th e  d ry in g  co n d itio n s  o f  th e  sen so rs , a llo w ed  an  o p tim ise d  fo rm u la tio n  to  
be d ev e lo p ed . T h is co n sis ted  o f  3 %  w /v  ce llu lo se  ace ta te , 3 %  v /v  d ib u ty l p h th a la te  
an d  0 .2  %  w /v  c reso l re d  dye  (so d iu m  sa lt) in  1 : 1  a ce to n e  to  c y c lo h ex an o n e , d ried  in  
sea led , a c e to n e -sa tu ra ted  en v iro n m en t. A  s tu d y  o f  th e  e ffec t o f  d y e  lo ad in g  w as  a lso  
p e rfo rm ed , w ith  tw ic e  and  h a l f  th e  d y e  c o n cen tra tio n  te s ted . T o o  m u c h  o r to o  little 
d y e  c au ses  th e  se n so r do ts to  fo rm  n o n -h o m o g en eo u s  co a tin g s w ith  th e  cu rren t 
ch em ica l co ck ta il used.
T h e  e ffe c t o n  the  p K a o f  the dye  e n tra p p e d  in  th e  p o ly m e r b in d e r c o m p a re d  to  in  free 
so lu tio n  w a s  stud ied . B e s t-f it s ig m o id  fu n c tio n s w ere  m o d e lled  to  the  d a tase ts  to  
re tu rn  v a lu e s  o f  in te rest. T h e  p K a o f  th e  dye  in  the  p o ly m e r b in d e r  do es n o t sh ift 
s ig n if ic a n tly  fro m  in free  so lu tio n . A  stu d y  o f  th e  e ffec t o f  te m p e ra tu re  o n  the  dye  in 
free  so lu tio n  w as p e rfo rm e d  an d  it w as  d e te rm in ed  th a t the  p K a o f  th e  d y e  does no t 
sh ift n o tic e a b ly  from  ro o m  to  re fr ig e ra te d  tem p era tu re . T he d e p th  p ro file s  o f  the 
se n so r d o ts  w ere  m e asu red  to ch a ra c te rise  the av e rag e  w id th  an d  h e ig h t o f  the 
sen so rs  p ro d u ced . It w a s  d e te rm in e d  th a t, as ex p ec ted , th e  m an u a l se n so r p ro d u c tio n  
p ro c e ss  d o e s  h a v e  its lim ita tio n s.
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A  h ead sp a c e  c a lib ra tio n  a g a in s t am m o n ia  w as  p e rfo rm e d  to  d e te rm in e  th e  u p p e r  and  
lo w er lim its  o f  lin ea rity , an d  th e  lo w er L O D  o f  th e  se n so r do ts. T h e  sen so r can  d e tec t 
b e tw een  3 .6 5 -8 .9 5  p p m  h ead sp ace  N H 3 in  a lin ea r  fash ion , an d  has a lo w e r  L O D  o f  
0 .35  p p m . T h e  se n so r  re sp o n se  h as  an  R S D  o f  6 .35  %  (n=3). O n  th e  b a s is  o f  the  
re su lts  p re se n te d  in  th is  ch ap te r, the  d e v e lo p e d  se n so r ap p ears  h ig h ly  su itab le  fo r  the  
ch o sen  ap p lica tio n .
T h e  o u tco m e  o f  th e se  re su lts  is th a t a  w o rk in g  se n so r has b een  p ro d u c e d  th a t can  
m o n ito r  th e  c h a n g e s  in  h ea d sp a c e  T V B -N  lev e ls  re le a se d  from  g rad u a lly  spo ilin g  
fish  sam p les . T h e  se n so r  do ts p ro d u c e d  are  h o m o g e n e o u s  and  a read in g  ta k e n  from  
p ra c tic a lly  an y  re g io n  o f  the  sam e  se n so r  w ill re tu rn  the  sam e sp ec tra l in ten sity  
va lue . T h e  firs t m a jo r  d ire c tio n  to  go  from  h e re  is to  d e te rm in e  th e  sen so r re sp o n se  to  
re a l f ish  sam p les . T h is  sh o u ld  in c lu d e  c a lib ra tin g  the  sen so r a g a in s t d iffe ren t spec ies, 
an d  idea lly , an  e x p e rim e n ta l se tu p  sh o u ld  b e  d es ig n ed  to  fac ilita te  the  ra p id  an a ly sis  
o f  m an y  sam p les . I t  is  im p o rta n t to  re la te  th e  se n so r re sp o n se  to  h ead sp a c e  T V B -N  
lev e ls , s ince  th e  s e n so r  h as  o n ly  b een  c a lib ra te d  a g a in s t N H 3 th u s  far. T h e  h ead sp ace  
T V B -N  lev e ls  re le a se d  fro m  a sp o ilin g  fish  sam p le  sh o u ld  b e  q u a n tif ie d  and  
co m p ared  to  th e  s e n so r  re sp o n se  to  o b ta in  a fu ll se t o f  c a lib ra tio n  d a ta  fo r  th e  sensor.
O ne  o th e r m a jo r  d irec tio n  is to  s tu d y  th e  re la tio n sh ip  b e tw een  the  se n so r re sp o n se  
an d  the  m ic ro b ia l p o p u la tio n s  o f  a  fish  sam p le . T h e  in c rease  in  m ic ro b ia l p o p u la tio n  
o f  a  sp o ilin g  fish  sam p le  d irec tly  cau ses  an  in c rease  in  h ead sp ace  T V B -N  levels. 
T h e re  shou ld  e x is t a s tro n g  co rre la tio n  b e tw e e n  the  sen so r re sp o n se , th e  h ead sp ace  
T V B -N  lev e ls  an d  th e  m ic ro b ia l p o p u la tio n s  o f  a sam ple . T h is  c o rre la tio n  n eed s  to 
be  d e te rm in ed  i f  th e  s e n so r  re sp o n se  a t th e  c ritic a l sp o ilag e  re g io n  is to  b e  id en tified . 
F u rth e rm o re , i f  th is  c o rre la tio n  w ere  id en tified , th e re  w o u ld  ex is t fo r  th e  firs t tim e , a 
ch em ica l se n so r  th a t c a n  be u sed  to  in fe r  m ic ro b ia l p o p u la tio n s  o f  a sam p le , th ro u g h  
a read in g  o f  th e  c o lo u r  in te n s ity  o f  th e  senso r.
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3  M o n i t o r i n g  o f  H e a d s p a c e  S p o i l a g e  V o l a t i l e s  
r e l e a s e d  f r o m  P a c k a g e d  F i s h  u s i n g  a  C o l o r i m e t r i c
C h e m i c a l  S e n s o r
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3.1 In tro d u c tio n
T h is  ch a p te r  p re se n ts  th e  firs t se t o f  re su lts  o b ta in ed  fo r  m o n ito rin g  th e  re lease  o f  
h ea d sp a c e  sp o ilag e  v o la tile s  fro m  rea l f ish  sam p le s , u s in g  th e  c reso l re d  b a se d  sen so r 
d ev e lo p ed  in  C h a p te r  2. A  s im p le  e x p e rim e n ta l se tu p  w as  d ev ised  th a t a llo w ed  m an y  
f ish  sam p les  to  be  a n a ly se d  in  p a ra lle l. T h e  im a g in g  sp ec tro g rap h  (P A R IS S ) system  
w as  u se d  to  m o n ito r  th e  sp ec tra l c h a n g e s  in  th e  s e n so r  d u rin g  a  sp o ilag e  ex p erim en t, 
an d  re su lts  are  p re se n te d  as th e  c h an g e  in  ab so rb an ce  a t 573 n m  (the  Xmax o f  th e  basic  
fo rm  o f  creso l red) a s  a  fu n c tio n  o f  tim e , as th e  sam p les  spo il. P re lim in a ry  resu lts  
w e re  o b ta in ed  w ith  3 d iffe re n t sp ec ies; m a rk e t-b o u g h t w h itin g , w ith  n o  k n o w led g e  o f  
th e  sam p le  h is to ry , a n d  o ran g e  ro u g h y  an d  b la c k  scab b ard , d eep w a te r f ish  th a t w ere  
su p p lied  b y  th e  Ir ish  S ea  F ish e rie s  B o ard  (B IM ), w ith  k n o w n  sam p le  h is to ries . A  
s tu d y  o f  th e  tem p era tu re  d e p e n d en ce  o f  th e  s to rag e  c o n d itio n s  w a s  in v es tig a ted . T he 
ex p e rim en ta l se tup  w as  m o d ifie d , and  fu r th e r  re su lts  w e re  o b ta in ed  from  m ark e t- 
b o u g h t fille ts  o f  co d  an d  o ran g e  ro u g h y . T h e  re su lts  sh o w n  in d ica te  th a t the  sen so rs  
a re  p e rfo rm in g  w ell fo r  th e  d ev e lo p ed  ta sk , and  can  re a d ily  m o n ito r  th e  ch an g es in  
h e ad sp ace  v o la tile s  re le a se d  b y  th e  g rad u a l sp o ilag e  o f  a  n u m b e r o f  d iffe ren t fish  
sp ec ies. S o m e o f  th e  re su lts  in  th is  c h a p te r  w e re  re c e n tly  accep ted  fo r p u b lica tio n  in  
th e  Ir ish  Jo u rn a l o f  A g ric u ltu ra l a n d  F o o d  R e se a rc h  [8 6 ]; th e  rem a in ed  o f  th e  resu lts  
fro m  th is  c h a p te r  fo rm ed  the  b as is  o f  a 2 0 0 2  p u b lic a tio n  in  T h e  A n a ly s t [95].
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3.2 E x p e r im e n ta l
3.2.1 Materials
C reso l red  (so d iu m  sa lt), c e llu lo se  a c e ta te  (m w  ap p ro x im a te ly  30 ,0 0 0  g /m o l), 2- 
b u tan o n e  (99  %  sp ec tro p h o to m e tric  g rad e ) an d  cy c lo h e x a n o n e  (a n a la r  g rad e) w ere  
o b ta in ed  fro m  S ig m a-A ld rich  (D u b lin , Ire land ). D ib u ty l p h th a la tc  w as  o b ta in ed  from  
F lu k a  C h em ica ls  (D u b lin , Ire lan d ). O p tic a lly  c le a r  p o ly e th y le n e  te rap h th a la te  shee ts  
w ere  o b ta in e d  fro m  O x le y  p ic  (C u m b ria , U K ). F a s t cu re  ep o x y  w as o b ta in ed  from  
P erm ab o n d  (E as tle ig h , U K ). P o ly p ro p y le n e  cap s  an d  24  m u lti-w e ll p la te s  w ere  
su p p lied  b y  S a rsced t (W ex fo rd , Ire lan d ). A  c e rtif ie d  re fle c tan c e  w h ite  s tan d ard  w as 
o b ta in ed  fro m  F o ss  (D u b lin , Ire lan d ).
3.2.2 Equipment
V isib le  sp ec tra  w e re  co lle c te d  in  re fle c tan c e  m o d e  w ith  the  P A R IS  S im ag in g  
sp ec tro g rap h  sy stem  as  d e ta iled  in  S ec tio n  2 .2 .1 . P A R IS S  sp ec tra l im ag in g  so ftw are  
v e rs io n  5.1 w as  u se d  fo r  d a ta  c o llec tio n  a n d  p o s t-ru n  d a ta  analy sis  w as p e rfo rm ed  
u s in g  M ic ro so ft E x ce l. A  S o rva li O m n i-M ix e r  b le n d e r (D u p o n t In stru m en ts , 
S tev en ag e , U K ) w as  u se d  to  h o m o g e n ise  se le c te d  sam p les .
3.2.3 Sensor fabrication
B atch es  o f  th e  o p tim ise d  se n so r fo rm u la tio n  w ere  p re p a re d  as p re v io u s ly  d esc rib ed  
(S ec tio n  2 .4 .2 ). T h u s  P E T  su b stra te  w as c u t w ith  sc isso rs  in to  strip s o f  ap p ro x im ate ly  
3 x 1 0  cm . T h e  s trip s  w e re  w a sh e d  w ith  d e io n ised  w a te r  an d  w ere  a ir-d ried . 0 .6  g o f  
ce llu lo se  ace ta te  w as p re p a re d  in  20  m l o f  1:1 a c e to n e :cy c lo h ex an o n e  (A r g rade). 
A fte r  fu ll d isso lu tio n  b y  so n ica tio n , 0 .62  g  o f  d ib u ty l p h th a la te  w as added . 40  m g  o f  
creso l red  (so d iu m  sa lt) w as th en  ad d ed  to  the  m ix tu re , w ith  a few  d ro p s o f  m eth an o l
99
to  a id  so lu b ility . A  se ries  o f  spo ts w ere  p ro d u c e d  b y  d isp en sin g  3 |ll1 o f  th is  so lu tio n  
w ith  a m ic ro p ip e tte , from  a fixed  h e ig h t o f  5 m m , o n to  the  p re -c le an e d  PE T . T he 
sen so rs  w ere  p la c e d  in  a sea led  a c e to n e -sa tu ra te d  e n v iro n m e n t un til d ry  
(a p p ro x im a te ly  3 hours).
3.2.4 Experimental setup
P re lim in a ry  re su lts  w ere  o b ta in ed  b y  m o n ito r in g  the  lev e ls  o f  h ea d sp a c e  spo ilage  
v o la tile s  re le a se d  from  w h itin g , o ran g e  ro u g h y  (w h o le ) and  b lack  scab b ard . T he 
la tte r  tw o  sam p les  are  d e e p w a te r  fish , w h ic h  a re  s lo w ly  b e in g  in tro d u ced  in to  
d o m estic  m ark e ts . T h e re  is in te rest in  a lte rn a tiv e  fish  for th e  c o n su m e r m a rk e t since 
Ir ish  S ea  F ish e rie s  P o licy  an d  D e v e lo p m e n t h a v e  p laced  v e ry  h e a v y  q uo tas on 
co m m o n  fish  su ch  as cod  and  w h itin g  [96] (in  fac t, a q u o ta  is b e in g  in tro d u ced  for 
o ran g e  ro u g h y  in  2003 , s in ce  so m u c h  in te re s t has b een  ex p re ssed  in  it  as an 
a lte rn a tiv e  to  the  m o re  c o m m o n  fish  ty p ic a lly  u sed  [97]). A  m o d ified  ex p erim en ta l 
se tu p  w as  d ev e lo p e d  to  m o n ito r  the lev e ls  o f  h ea d sp a c e  sp o ilag e  v o la tile s  from  cod 
and  o ran g e  ro u g h y  (fille t) sam ples. U n less  o th e rw ise  sp ec ified , sam p les  w e re  sto red  
a t ro o m  tem p era tu re , w h ich  w as m e a su re d  a t 19-21°C . T h e  sam p lin g  p ro ced u re  used  
fo r  ea c h  fish  w as s tan d a rd ised , as an y  d e v ia tio n s  fro m  th is  co u ld  h av e  a c ru c ia l e ffec t 
o n  th e  q u a lity  o f  a sam p le , and  h en ce  o n  th e  a m o u n t o f  am in es  re lea sed  in to  the 
h ead sp ace . F o r e ach  sam p le  tested , a sep tic  te c h n iq u e s  w ere  u se d  to  av o id  b ac te ria l 
c o n ta m in a tio n  o f  fish. T h is in v o lv ed  sw a b b in g  the  area w ith  70 %  e th an o l (to  c lean) 
an d  u s in g  a gas flam e  fro m  a b u n se n  b u rn e r  to  c lean  all u ten s ils  an d  to  p rev en t 
b ac te ria l co n tam in a tio n  o f  sam ples.
3.2.4.1 Whiting samples
W h itin g , s to red  on  ice, w as o b ta in ed  at a  lo ca l m a rk e t (F ig u re  3 .1 )  an d  w as w ashed , 
b led  an d  g u tted  w ith in  one  h o u r  o f  p u rc h a se , w h e re  it w as  d iv id ed  in to  th ree  sec tio n s 
o f  head , b o d y  and  ta il (F ig u re  3.2) .  E ach  o f  th e se  sec tio n s w ere  h o m o g en ised  u sin g  a 
b len d e r/m ix e r. P E T  strip s  w ere  c u t in to  in d iv id u a l sen so rs  w ith  sc isso rs . S ing le
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sen so rs  w ere  p la c e d  face -d o w n  o n  a  f ilte r  p a p e r  d isc  (m ad e  u s in g  a s tan d a rd  hole- 
p u n ch e r)  on  top  o f  a  16 m m  d iam eter, 2 0  m m  h e ig h t p o ly p ro p y len e  cap , w ith  a 6 m m  
h o le  d rilled  in  it. T h e  su rface  o f  th e  cap  w as  c o v e red  w ith  a  sm all sec tio n  o f  sticky  
tape , su ff ic ien t to  fo rm  a seal. S en so r cap s w ere  p re p a re d  in  b a tch es  o f  ap p ro x im ate ly  
100. F o u r  rep lica te  w h itin g  sam p les  o f  500  m g  each  w ere  p la c e d  in  a 2 4  m u lti-w ell 
p la te  an d  sea led  w ith  a  p o ly p ro p y len e  cap  m o d ified  w ith  a  se n so r (F ig u re  3 .3). T he 
sen so r cap s fo rm ed  a tig h t sea l in sid e  th e  w e lls  in  the  m u lti-w e ll p la te . T h e  edges o f  
each  se n so r cap  w ere  sea led  w ith  fa st cu re  ep o x y  to  in h ib it th e  re lea se  o f  am ines in to  
th e  en v iro n m en t. T h e  p la te  w as  s to red  a t ro o m  tem p era tu re  fo r  th e  d u ra tio n  o f  the 
ex p erim en t.
Figure 3.1: Whole whiting obtained at a local market.
Figure 3.2: W hiting, after gutting, was divided into 3 sections o f  head, body and tail.
Figure 3.3: 24-well plate fitted 
with polypropylene caps, each 
modified with a sensor. A blank 
cap (no sensor) is positioned at 
the top-right.
3.2A .2 Orange roughy (whole) and black scabbard
P o ly p ro p y len e  caps, m o d ified  w ith  sen so rs , w ere  p re p a re d  as d esc rib ed  in  the 
p rev io u s  sec tion . O ran g e  ro u g h y  and  b la c k  scab b ard  w h o le  f ish  sam p les  w ere  caugh t 
d u rin g  a fo u r-d ay  sea  ex cu rsion . T h e  fu ll h is to ry  o f  ca tch es w as  k n o w n , u n lik e  the 
m a rk e t-b o u g h t w h itin g  sam ples. S am p les  w ere  s to red  on  ice  fro m  the  m o m en t o f  
ca tch  an d  w ere  o b ta in ed  w h o le  and  u n fille ted  (F igure  3 .4). T h e  fish  w e re  lab e lled  as 
p e r  the  d ay  o f  th e ir  ca tch , from  days 1-4. T h e  fish  w ere  w ash ed , b le d  and  g u tted  and 
sam ples w e re  re m o v e d  from  th e  cen tra l p o rtio n  o f  each  fish . A sep tic  tech n iq u es  w ere 
u sed  th ro u g h o u t. T he sam p les  w ere  n o t h o m o g en ised  in  an y  w ay , since  th is b est 
rep resen ts  h o w  fish  a re  n a tu ra lly  stored .
Figure 3.4: Orange roughy 
(top) and black scabbard. 
Both samples were obtained 
whole and were stored on ice 
from the moment of catch.
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T h ree  w h o le  f ish  w ere  o b ta in ed  p e r  sp ec ie s  (s ix  f ish  in  to ta l). 500  m g  d u p lica te  tissue 
su b -sam p les  w ere  tak en  from  each  o f  th e  f ish  species an d  w ere  ad d e d  to  a 2 4 -w ell 
p la te  an d  sea led  w ith  sen so r caps (F ig u re  3 .5 ). A  to ta l o f  12 sam p les  p e r  m u lti-w ell 
p la te  w ere  th u s re m o v ed  fo r sen so r an a ly s is . T w o  m u lti-w e ll p la te s  w e re  p rep a red  in  
p a ra lle l; one  w as  s to red  a t ro o m  tem p era tu re  an d  the  o th e r w as  s to re d  o n  ice in  a 
frid g e  a t 4°C.
Figure 3.5: 24-well plate fitted with polypropylene caps, each modified with a sensor. The photo 
was taken at time zero for the plate stored at room temperature. All 12 samples for analysis, 
plus a reference sensor and blank, were included on the plate.
3.2.4.3 Cod and orange roughy (fillets)
S en so rs  w e re  p re p a re d  as d e sc rib ed  p rev io u s ly , ex cep t th a t b u ta n o n e  w as u sed  
in s tead  o f  cy c lo h ex an o n e . B u tan o n e  se rv es  the  sam e p u rp o se  as  cy c lo h ex an o n e , b u t 
is e a s ie r  to  h an d le  in  the  lab o ra to ry , e .g . less p u n g en t. T h e  m e th o d  o f  fitting  the  
p o ly p ro p y le n e  caps to  the  2 4 -w e ll p la te  w as m o d ified . P E T  se n so r s trip s  w ere  cu t 
in to  in d iv id u a l sen so rs  o f  ap p ro x im a te ly  1 cm 2 an d  w ere  p la c e d  face -u p  o n  th e  b ase  
o f  th e  w e lls  in  the  p la te . A  filte r p a p e r  d isc , 15 m m  in  d iam ete r, w as  p la c e d  o v e r the  
sen so r to  g iv e  a  w h ite  b ack g ro u n d  fo r  sp ec tra l im ag in g  an d  to  h o ld  th e  sen so r in  
p la c e  at th e  b o tto m  o f  the  w ell. T h e  p la te  w as th en  in v erted , so th a t th e  sen so rs  w ere
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fac in g  d o w n  an d  th e  b a c k  o f  the  sen so rs  w e re  fac in g  u p  fo r  im ag in g . A  sch em atic  o f  
the  ex p e rim en ta l se tu p  is sh o w n  in  F ig u re  3.6.
To imaging 
spectrograph
Figure 3.6: Schematic showing how the caps and sensors were placed into the 24-well plate with 
test fish samples.
T h ree  fille ts  o f  co d  (F ig u re  3 .7) an d  th ree  fille ts  o f  o ran g e  ro u g h y  (F ig u re  3 .8 ) w ere  
o b ta in ed  a t a loca l m a rk e t o n  ice. I t is b e lie v e d  th a t th ey  w ere  a ll ap p ro x im a te ly  
b e tw e e n  1-3 d ay s o ld  w h en  p u rch ased . T h e y  w e re  s to red  a t - 1 8  °C  fo r ap p ro x im ate ly  
72 h o u rs , w h e re b y  th ey  w ere  th a w e d  s lo w ly  o v e rn ig h t a t 4 °C , fo llo w ed  b y  final 
th a w in g  a t ro o m  te m p e ra tu re  fo r  a p p ro x im a te ly  1 hour.
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Figure 3.7: Cod fillets that were used for analysis, after thawing to room temperature.
Figure 3.8: Orange roughy fillets that were used for analysis, after thawing to room 
temperature.
T he fish  w ere  w ash ed  w ith  tap  w a te r an d  th ree  rep lica te  tissue  sam p les  o f  ca. 500 m g  
w ere  rem o v ed  from  the  cen tre  o f  each  o f  the  th ree  fish , p e r  spec ies, u s in g  asep tic  
tech n iq u es. A  to ta l o f  18 sam ples w ere  thus re m o v ed  fo r sen so r ana ly sis , i.e. 9 cod  
sam ples and  9 o ran g e  rou g h y  sam ples. F ish  sam p les  w ere  p la c e d  in sid e  the 
p o ly p ro p y len e  caps an d  w ere  fitted  in sid e  sin g le  w e lls  o f  the  2 4 -w e ll p la te  
in co rp o ra ted  w ith  th e  se n so r (F igure  3 .9). T h e  ed g es o f  each  sen so r cap  w ere  sealed  
w ith  fa st cu re  ep o x y  to  c rea te  a p e rm a n e n t g as-tig h t seal.
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_Figure 3.9: 18  samples of cod and orange roughy were used for analysis. The photo shown is the 
plate at time zero, which includes a row of 6 reference sensors (wells with no sample present) 
across the top of the plate.
3.2.5 Spectral monitoring of sensors
T h e  P A R IS  S im a g in g  s p e c tro g ra p h  s y s te m  w a s  u s e d  to  c o lle c t s p e c tra  o f  th e  s e n so rs  
m o n ito r in g  th e  f is h  s a m p le s , to  r e c o rd  th e  c h a n g e  in  sp e c tra l re s p o n s e  f ro m  a  
g ra d u a lly  s p o ilin g  f is h  sa m p le . T h e  P A R IS S  im a g in g  sp e c tro g ra p h  re tu rn s  2 4 0  
s p e c tra  in  th e  r a n g e  o f  3 9 0 -8 1 0  n m , fo r  th e  e n tir e  a re a  th a t  fa lls  o n  th e  sp e c tro m e te r  
s lit fo r  o n e  a c q u is it io n . S p e c tra  w e re  a c q u ire d  a t  lO x  m a g n if ic a t io n  in  th e  c e n tra l 
p o r tio n  o f  e a c h  se n so r . A ll 2 4 0  s p e c tra  w e re  a v e ra g e d  to  1 in  th e  P A R IS S  so ftw a re . 
A  b la n k  s p e c tru m  w a s  a c q u ire d  o f  a  c e r tif ie d  re f le c ta n c e  w h ite  s ta n d a rd  a n d  
su b se q u e n tly , th e  a c q u ire d  s p e c tra  f ro m  s e n s o r  a c q u is i t io n s  w e re  ra t io e d  to  th e  
a v e ra g e  o f  th e  w h i te  sp e c tru m , t o  re tu rn  a n  a b s o rp tio n  s p e c tru m  p e r  se n so r. 
E sse n tia lly , th e  d i f fe re n c e  in  th e  r a t io s  o f  th e  s p e c tra  is  a  m e a su re  o f  th e  d e c re a s e  in  
l ig h t in te n s ity  d u e  to  a b s o rb a n c e  o f  l ig h t  b y  th e  sa m p le . T h e  sp e c tra l  d a ta  w e re  
e x p o r te d  to  E x c e l a n d  w e re  b a s e lin e  c o r re c te d  b e tw e e n  6 5 0 -8 0 0  nm . T h e  h e ig h t  o f  
th e  d e p ro to n a te d  d y e  p e a k  (A^ax, 573  n m ) w a s  m e a s u re d  as a  fu n c tio n  o f  tim e . T h is  
p ro c e d u re  w a s  re p e a te d  f o r  e a c h  s e n s o r  in  th e  m u lti-w e ll  p la te . T h e  t im e  ta k e n  to  
a n a ly se  a n  e n tire  p la te  o f  2 4  s a m p le s  w a s  a p p ro x im a te ly  10 m in u te s  an d  th e  p la te
w as m o n ito re d  o v e r th e  en tire  tim e  o f  sp o ilag e , w ith  a c q u is itio n  o f  sp ec tra  a t specific  
in te rv a ls . T h e  tim e fra m e  o f  th e  sp o ilag e  e x p e rim en t v a ried  w ith  d iffe re n t sam ples 
te s ted , an d  d e p en d ed  u p o n  th e  s to rag e  re g im e  (ro o m  te m p e ra tu re  o r  o n  ice ).
B e s t-f it lo g is tic -s ig m o id  cu rv es  w ere  f itte d  to  the  d a ta  o b ta in e d  u s in g  th e  S o lv e r 
fu n c tio n  in  M ic ro so ft E x ce l [93], T h is  w a s  ach iev ed  as d esc rib ed  in  S ec tio n  2.4 .5 .1  
u s in g  E q u a tio n  2.1 . T h e  fo rm u la  w a s  en te re d  in to  M ic ro so ft E x c e l to  m o d e l th e  fit o f  
the  data . T h e  re s id u a ls , th e  re s id u a ls  sq u a re d  an d  the  su m  o f  th e  sq u ared  resid u a ls  
w e re  all co m p u ted . S o lv e r w a s  se t to  m in im ise  the  S S R  v a lu e  b y  ch an g in g  th e  v a lu es  
o f  a, b, c an d  d. T h e  va lu e  o f  e w as  set eq u a l to  1 an d  a  b e s t-f it m o d e l w a s  ob ta ined . 
T h e  p a ra m e te rs  o f  th e  b e s t-f it  w ere  u se d  to  co m p u te  e x tra p o la te d  v a lu es  b e tw een  the 
data p o in ts , e .g . ev e ry  0 .5  h o u rs , fro m  tim e  zero , to  p ro d u c e  b e s t-f it  cu rv es  to  the  
sp o ilag e  d a ta  co llec ted .
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3.3 R esu lts  a n d  d iscussion
3.3.1 General trends identified
A  s im ila r  tre n d  w as seen  fo r all o f  th e  sam p les  th a t w ere  te s ted . T h e  sen so rs  do  not 
re sp o n d  fo r  an  in itia l p e rio d , the  len g th  o f  w h ic h  is re la te d  to  s to ra g e  tem p era tu re  and 
th e  ap p a re n t co n d itio n  o f  the  sam p les  a t tim e  zero . A fte r  th is  p e rio d , the  senso rs 
b e g in  to  ch an g e  co lo u r, w h ich  ca n  b e  c lea rly  seen  b y  eye  an d  is h en ce  d e tec ted  
spec tra lly . T h e  sen so rs  co n tin u e  to  c h an g e  c o lo u r  as the  sam p les  sp o il fu rth er, un til 
th e  re a d in g s  s tab ilise  an d  the  se n so r h a s  re a c h e d  an  ap p a ren t sa tu ra tio n . T he data  
o b ta in ed  fo llo w s  a s ig m o id a l b est-fit. T h e re  w e re  so m e issu es  th a t w e re  re so lv e d  fo r 
th e  sen so rs  m o n ito r in g  the w h itin g , o ra n g e  ro u g h y  (w h o le) an d  b la c k  scab b ard  
sp ec ies. A s  a resu lt, th e  ex p e rim en ta l p ro c e d u re  w as m o d ified , an d  th e  re su lts  fo r  the  
sen so rs  m o n ito rin g  th e  co d  an d  o ra n g e  ro u g h y  (fille ts) sh o w  th a t th e  sen so rs  are 
w o rk in g  w ell.
3.3.2 Sensors monitoring TVB-N of whiting
A  v isu a l c o lo u r  ch an g e  w as se e n  fo r  so m e  sen so rs  a fte r  ca. 2 4  h o u rs  a t room  
tem p e ra tu re  to  a p a le  o ran g e  co lo u r, w h ic h  co n tin u ed  to  a d e e p e r p u rp le  co lo u r, seen  
up to  th e  en d  o f  th e  ex p e rim en ta l tim e fra m e  (F ig u re  3 .10). S p ec tra l re flec tan ce  
m e a su re m e n ts  o f  th e  se n so r  do ts w e re  ta k e n  at re g u la r  tim e  in te rv a ls  f ro m  tim e  zero  
to  54 h o u rs , an d  th e  c h an g e  in  a b so rb an ce  a t 573 n m  (Amax) w as  m o n ito re d  as a 
fu n c tio n  o f  tim e  (F ig u re  3 .11). T he se n so r  re sp o n se  rem a in s  u n c h a n g e d  from  tim e 
ze ro  u n til  tim e  18-24 hours. T h e re  is a  c le a r  in c rease  in  T V B -N  lev e ls  a t tim e  24-36  
h o urs, fo r  e ach  o f  the th ree  p o rtio n s  o f  w h itin g  exam in ed . A  v isu a l c o lo u r change 
fro m  y e llo w  to  p u rp le  co in c id ed  w ith  th e  sp ec tra l sh ifts  m easu red .
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Figure 3 .10 : Photos of plate at time zero (top) and time 54 hours. The first three columns are 
replicates o f head (H), body (B) and tail (T) portions. The last column is a set of reference 
sensors (R), i.e. no fish samples included.
There was a discardable smell of amines during the experimental timeframe. 
Examining Figure 3.10, it is clear that only some sensors responded during the 
experimental timeframe. The sticky tape seal that was used was not strong enough to 
prevent the amines escaping into the surrounding environment. As the concentration 
of amines released into the headspace increases, the pressure put on the seal also 
increases, causing it in some cases to rupture. This can be seen clearly for body
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sam p les  B 1-B 4 . T h e  senso rs m o n ito rin g  tw o  o f  th e  sam p les , B i a n d  B 4 g ave  a  s trong  
c o lo u r ch an g e  a t th e  end  o f  the ex p e rim en ta l tim efram e , w h e reas  th e  sensors 
m o n ito rin g  sam p les  B 2 an d  B 3 ru p tu re d  a t so m e stage, d u e  to  th e  g rad u a l increase  in  
p re ssu re  a g a in s t th e  seal. T h is  can  be  m o re  c lo se ly  seen  in  F ig u re  3 .1 2 , w h ic h  show s 
the c h an g in g  lev e ls  o f  am in es o v e r th e  54  h o u r tim efram e  fo r the  b o d y  po rtio n s o f  
w h iting .
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Figure 3.11: The response of the sensors to three portions of whiting. The sensor response 
remains unchanged from time 0-24 hours, whereby the response increases at time 24-36 hours, 
due to an increase in the TVB-N levels released from the spoiling fish. The lines are drawn for 
visual aid only and the error bars are the standard deviation between readings, where n=4.
T he re sp o n se  o f  the  sen so rs  m o n ito rin g  the b o d y  tissu e  p o rtio n s  o f  w h itin g  c learly  
sh o w s th e  ab n o rm a l re sp o n ses  seen  (F ig u re  3 .12). H o w ev er, a g en era l d y n am ic  tren d  
o f  in c re a s in g  se n so r re sp o n se  is seen  o v e r the  ex p erim en ta l tim efram e.
1 1 0
Time /hours
Figure 3.12: The response of the sensors to the 4 body tissue portions of whiting. The rising and 
falling trends support the case that the amines are leaking into the surrounding environment.
In su m m ary , it  is  c le a r  th a t th e  se n so r  cap s w e re  not gastig h t, an d  as such , the 
v a ria tio n  b e tw e e n  re p lic a te  m e a su re m e n ts  is to o  la rg e  to  be  accep tab le . O n  a  m ore 
p o s itiv e  n o te , th e  m a jo rity  o f  th e  sen so rs  are  c le a rly  ch an g in g  c o lo u r  fro m  y e llo w  to  
p u rp le  d u rin g  th e  sp o ilag e  ex p e rim en ts , as th e y  a re  re sp o n d in g  to  ch an g es  in  the 
leve ls  o f  v o la tile  a m in e s  re leased  in to  th e  p ac k a g e  h ead sp ace . M o re  d a ta  n e e d s  to  be  
c o llec ted  in  o rd e r to  d e te rm in e  h o w  w ell th e  sen so rs  are  p erfo rm in g .
3.3.3 Sensors monitoring TVB-N of orange roughy (whole) and 
black scabbard
A  s im ila r  c o lo u r  c h a n g e  w as  seen  fo r  th e  sen so rs  in  th ese  e x p e rim e n ts  as th o se  
d esc rib ed  in  th e  p re v io u s  sec tion . A t tim e  30-45  ho u rs , th e re  is  a c lea r in c rease  in  
T V B -N  lev e ls  o f  o ra n g e  ro u g h y , fo r  e ach  ca tch  ex am in ed  (F ig u re  3 .13). S im ila rly , 
th e  T V B -N  lev e ls  o f  b la c k  scab b ard  in c rea se  a t ap p ro x im a te ly  th e  sam e tim e  in te rv a l 
(F igu re  3 .1 4 ). T h e  sam e  gen era l tren d  is  seen  fo r  each  sam p le  ex am in ed ; th e  sen so r
111
re sp o n se  re m a in s  u n ch an g ed  fo r  ca. 30  h o u rs , u n til  the  sen so r b e g in s  to  re sp o n d  to  
the  o u tp u t o f  T V B -N  o f  th e  fish  sam p le s , w h e re  th e  senso rs fo rm  a p la te a u  at ca. 45 
hou rs.
H o w ev e r, th e re  w a s  s till a  sm ell o f  a m in es  d u rin g  th e  ex p e rim en ta l tim efram e , w h ich  
c lea rly  in d ica te s  th a t th e  se n so r  cap s n e e d e d  so m e  m o d ifica tio n s  in  o rd e r  to  red u ce  
th e  e rro r  in tro d u c e d  b y  th is , as th is  h a s  im p lic a tio n s  on  th e  re su lts  o b ta in ed . A lm o st 
ev e ry  se n so r  sea l w a s  ru p tu re d  b y  th e  in c re a s in g  am o u n ts  o f  am in es re le a se d  in to  the  
co n fin ed  h e a d sp a c e  d u rin g  th e  e x p e rim e n ta l tim efram e . T h e  sen so r re sp o n se  b eh av ed  
e rra tica lly , an d  re su lts  a re  o n ly  sh o w n  fo r  a  sm all n u m b e r o f  senso rs. F u rth e rm o re , 
the  sen so r re sp o n se  a t the  en d  o f  the  e x p e rim e n ta l tim efram e  is g rea tly  d im in ish ed , 
w ith  v a lu es  o f  ca. 0 .0 1 -0 .0 4  au. T h e  re sp o n se s  o f  th o se  sen so rs  to  sam p les  th a t 
le ak ed  am in es  in to  th e  su rro u n d in g  e n v iro n m e n t are  n o t show n. T h e  issu e  o f  leak in g  
am in es c le a rly  n e e d s  to  b e  a d d re ssed , an d  is seen  ad d itio n a lly  in  the  la rg e  and  
u n accep tab le  v a ria tio n s  b e tw e e n  re a d in g s . A  tre n d  id en tified  sh o w s th e  ch an g in g  
d y n am ics  o f  th e  se n so r  re sp o n se  to  o ra n g e  ro u g h y  (w h o le) sam p les  (F ig u re  3 .13 ) and 
b la c k  scab b a rd  sam p le s  (F ig u re  3 .14 ) d u rin g  th e  ex p e rim en ta l tim efram e .
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Figure 3.13: The response of the sensors to three different samples of orange roughy. The sensor 
response remains unchanged from time ca. 0-30 hours, where the sensor response increases at 
time ca. 30 hours, due to an increase in the TVB-N levels released by the fish. The lines are 
drawn for visual aid only.
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Figure 3.14: A very similar response to orange roughy is seen for black scabbard. The sensor 
response for the two samples tested increases at time ca. 30-45 hours, due to an increase in TVB- 
N levels after an unchanging phase. Results from the third sample are not shown since the 
sensor did not respond at all. The lines are drawn for visual aid only.
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O ran g e  ro u g h y  sam p les  k e p t o n  ice  to o k  ap p ro x im a te ly  1 60 -200  h o u rs  to  ach iev e  a 
s im ila r  leve l o f  T V B -N  re le a se  (F ig u re  3 .15). T h e  re sp o n se s  o f  th o se  senso rs to 
sam p les  th a t le ak ed  am in es  in to  th e  su rro u n d in g  e n v iro n m e n t a re  n o t  sh ow n . S to rage  
a t a lo w e r tem p era tu re  w o u ld  im p ly  th a t it  tak es  lo n g e r fo r  th e  sp o ilag e  o rg an ism s to 
re a c h  s im ila r  leve ls  o f  g ro w th . H en ce , i t  tak es  lo n g e r  fo r  s im ila r  lev e ls  o f  T V B -N  to 
be re le a se d  in to  th e  sam e  s ize  h e ad sp ace .
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Figure 3.15: Orange roughy samples that were kept on ice show no response from time 0-160 
hours (6.67 days). A definite change in the sensor response is seen at time ca. 160-200 hours, as 
the TVB-N levels are increasing. The lines are drawn for visual aid only; these are the only 
sensors that responded to orange roughy at 4 °C.
T h ere  are  c lea rly  n o t  e n o u g h  d a ta  p o in ts  co llec ted  d u rin g  the  ex p erim en ta l 
tim efram e , p a rticu la rly  a t th e  tim e  o f  sp o ilag e . W h e n  th e  s e n so r  b eg in s  to  re spond , it 
is  e ssen tia l th a t th e  m a x im u m  n u m b e r o f  da ta  p o in ts  be  co lle c te d  in  th is  reg ion . T he 
k ey  p o in t, h o w ev er, is  th a t fo r  a ll 3 f ish  sp ec ies  an d  2 s to rag e  reg im es te sted , the 
sen so rs  re sp o n d  to  th e  c h a n g in g  lev e ls  o f  T V B -N  re lea sed  in to  th e  sam p le  h eadspace . 
In  o rd e r  to  fu rth e r s tu d y  th e  s e n so r  re sp o n se  o v e r tim e, tw o  im p o rta n t po in ts  w ere  
add ressed :
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•  T h e  ex p e rim en ta l se tup  w as  m o d ified , to  re d u c e  th e  p o ss ib ility  o f  am ines 
e scap in g  in to  th e  su rro u n d in g  en v iro n m en t. T h is  a llo w s m o re  re liab le  data to 
be  co llec ted .
•  M o re  d a ta  p o in ts  o v e r th e  e x p e rim en ta l tim e fra m e  w e re  co llec ted . T his 
fac ilita ted  a b e tte r  s ig m o id a l f it to  th e  d a ta  an d  is sh o w n  in  su b seq u en t 
sec tions.
T h is  n ew  m e th o d o lo g y  w a s  ap p lied  to  tw o  fish  sp ec ies , viz. cod  an d  o ran g e  ro u g h y  
(fille ts).
3.3.4 Sensors monitoring TVB-N of cod and orange roughy (fillets)
By the  en d  o f  the  s tu d y  p e rio d  (48  h o u rs), a c le a r  se n so r co lo u r ch an g e  fro m  ye llo w  
to  p u rp le  w as seen  fo r each  sam p le  te s ted  (F ig u re  3 .16). T h e  w e lls  o f  each  p la te  h av e  
b een  lab e lled  to  sh o w  th e  p o s itio n  o f  sam p les . S am p les  la b e lle d  “ C ” are co d  sam ples, 
an d  sam p les  lab e lled  “ O R ” are  o ran g e  ro u g h y  sam p les . T he b o tto m  ro w  sam ples, 
lab e lled  “B ” fo r  b la n k , are  em p ty  w e lls  th a t h av e  n o  fish  sam ples. U sing  th ese  as 
re fe ren ce  senso rs fo r co m p ariso n , a c le a r  c o lo u r c h an g e  ca n  be seen  o v e r the  48 h o u r 
tim e  period . T h ere  w a s  no  sm ell o f  am in es d u rin g  th e  en tire  ex p e rim en ta l tim efram e , 
w h ich  sugg ests  th a t the  m o d ifie d  ex p e rim en ta l se tup  has co rrec ted  th is  im p o rtan t 
issue.
S p ec tra  w ere  co lle c te d  at re g u la r  in te rv a ls , ex cep t fo r  the  o v e rn ig h t period . A n  
o v e rlay  o f  sp ec tra  o v e r  th e  ex p e rim en ta l tim efram e  o b ta in e d  fro m  a ty p ica l o range 
ro u g h y  sam ple , O R 1 4  a re  sh o w n  in  F ig u re  3 .17 . T h e  sp ec tra l fea tu res  sh o w n  are 
b ro ad , an d  are  ty p ic a l o f  the  sp ec tra  co llec ted . A  c lea r  r ise  in  th e  p eak  h e ig h t a t 573 
nm  is  show n, an d  th e  w a v e le n g th  o f  th is  ab so rp tio n  m a x im u m  do es n o t sh ift w ith  
in c reas in g  tim e, i.e. e x p o su re  to  in c reas in g  lev e ls  o f  T V B -N  re leased  b y  the 
g rad u a lly  sp o ilin g  fish  sam p les .
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Figure 3 .16 : A  clear sensor colour change can be seen over the 48 hour time period for each of 
the samples tested.
From Figure 3.16, it is seen that the sensors monitoring the cod samples are a darker 
colour after the experimental timeframe than the orange roughy samples, which 
indicates that they have released more TVB-N into the headspace than the orange 
roughy samples. The bottom row is a row of blank sensors, i.e. sensors that are not 
exposed to any fish sample. They can be used as a visual comparison to show the 
degree of colour change of a sensor during the experimental timeframe.
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Figure 3.17: Typical absorbance spectra obtained in reflectance mode from a typical orange 
roughy sample (OR 1,4) from time 0-37 hours. Only some of the representative spectra are 
shown, for clarity. The height of the deprotonation peak (kmax = 573 nm) steadily rises from 
approximately 23 hours.
3.3.4.1 Subtraction of reference spectra
A  stu d y  w as in itia ted  to  d e te rm in e  i f  re fe ren ce  sp ec tra l d a ta  n eed ed  to  be  sub trac ted  
fro m  the  sen so r d a ta  o b ta ined . T here  w ere  5 re fe ren ce  sen so rs  th a t h ad  no  fish  
sam p le  p re se n t (F igu re  3 .16). T h e  average  re fe ren ce  sp ec tru m  o f  all 5 re fe rence  
sen so rs  is  sh o w n  in  F ig u re  3 .18 . T h e  av erag e  R S D  at 451 n m  (A™ax o f  th e  ac id  fo rm ) 
w as  ap p ro x im a te ly  3 % .
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Figure 3.18: Average spectral absorbance from 5 reference sensors.
T h e  s e n so r  re sp o n se  to  a typ ica l cod  sam p le , C j.i, is sh o w n  in F igure  3.19. T he 
c h a ra c te ris tic s  o f  the se n so r  re sp o n se  are  d iscu ssed  in  m ore  d e ta il in la te r sections.
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Figure 3.19: Sensor response to a typical cod sample, C^. The line is drawn for visual aid only.
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T h e av e rag e  re fe ren ce  sp ec tru m  (F ig u re  3 .18 ) w as th en  su b trac ted  on a w av e len g th - 
b y -w a v e le n g th  b as is  from  the  se n so r re sp o n se  to  cod sam p le  C |. i ,  an d  is show n in 
F igu re  3 .20.
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Figure 3.20: Subtraction of the reference spectra yields the same plot (o) as the unaltered 
spcctra (?). The lines are drawn for visual aid only.
It is c le a r  from  th is  th a t su b trac tio n  o f  the  re fe ren ce  spectra  from  the  co llec ted  
sp ec tra  is not requ ired . T h e  tw o  se ts  o f  d a ta  (F igu re  3 .20 ) o v e rlay  ex ac tly , ind ica ting  
that th e  s e n so r  re sp o n se  a t 451 nm  d o es  no t a ffec t the se n so r re sp o n se  at H cnce, 
there  w as no  su b trac tio n  o f  re fe ren ce  sp ec tra  at any  stag e  from  the sp ec tra  co llec ted  
u s in g  th e  im ag in g  sp ec tro g rap h .
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3.3.4.2 Results from cod samples
T h e lev e ls  o f  T V B -N  o f  a to ta l o f  n in e  co d  sam p les  w ere  m o n ito re d  o v e r a  3 0 -h o u r 
tim e  p e rio d . F ig u re  3 .2 1 , F ig u re  3 .22  a n d  F ig u re  3 .23  sho w  the  ab so rb an ce  v s  tim e  
p lo ts  g e n e ra te d  fo r  th e  sen so rs  m o n ito r in g  th e  co d  sam ples. F ro m  th is  ex p e rim en t 
u s in g  a  to ta l o f  n in e  sam p les  f ro m  th ree  fish , th e re  is e v id e n c e  th a t from  
a p p ro x im a te ly  8 -12  h o u rs , a m e a su ra b le  a m o u n t o f  T V B -N  w as  re leased . A t 23 
h o urs, th e re  is a  v e ry  la rg e  in c rea se  in  th e  se n so r  re sp o n se  th a t su g g es ts  a s ig n ifican t 
in c rea se  in  th e  T V B -N  lev e ls  re le a se d  b y  th e  sp o ilin g  fish. T h e re  are fu rth e r 
in c rea ses  in  th e  se n so r  re sp o n se  d u rin g  th e  n e x t five  h o u rs , w h e re b y  the  senso rs 
reach  a  p la te a u  fro m  28 ho u rs .
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Figure 3.21: Absorbance vs time plot of the sensors monitoring the TVB-N levels of cod samples 
C,,„ Ci,2 and Cij3 (Figure 3.16). The error bars are ± standard deviation, where n=3. The sum of 
squared residuals for the best-fit curve is 0.0004. The best-fit parameters returned by Solver are 
given.
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Figure 3.22: Absorbance vs time plot of the sensors monitoring the TVB-N levels of cod samples 
Cî.i, C2,2 and C2,3 (Figure 3.16). The error bars are ± standard deviation, where n=3. The sum of 
squared residuals for the best-fit curve is 0.0003. The best-fit parameters returned by Solver are 
given.
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Figure 3.23: Absorbance vs time plot of the sensors monitoring the TVB-N levels of cod samples 
C3J, C3,2 and C3l3 (Figure 3.16). The error bars are ± standard deviation, where n=3. The sum of 
squared residuals for the best-fit curve is 0.0012. The best-fit parameters returned by Solver are 
given.
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These figures show that the sensor response increases after an incubation period o f  
approxim ately 8-12 hours, to fo rm  a plateau at approxim ate ly 28-30 hours. 
S igm oidal response curves (so lid  line ) were fitted  to the data, using the Solver 
function  in  M ic roso ft Excel. The bes t-fit parameters are given on each chart and 
in fo rm ation  was derived from  these values. Th is is discussed in  detail in  Section 
3.3.4.4.
3.3.4.3 Results from orange roughy samples
S im ila rly , the levels o f  T V B -N  released from  a to ta l o f  nine orange roughy samples 
were m onitored over a 48-hour tim e period. Figure 3.24, Figure 3.25 and Figure 3.26 
show the absorbance vs tim e plots obtained fo r  each sample tested, w h ich  illustrate 
that the sensors began to respond fro m  approxim ate ly 15-20 hours. The orange 
roughy samples required a longer incubation period than the cod samples before a 
s ign ifican t increase in  the sensor response is seen. Th is a llows better fo llo w in g  o f  the 
c ritica l tim e o f  spoilage after the overn ight period, m aking more data available at the 
tim e where the sensor response was changing the most. The sensor response reached 
a steady value at approxim ate ly 40 hours.
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Figure 3.24: Absorbance vs time plot of the sensors monitoring the TVB-N levels of orange 
roughy samples OR1j4, OR,j5 and OR] 6 (Figure 3.16). The error bars are ± standard deviation, 
where n=3. The sum of squared residuals for the best-fit curve is 0.0002. The best-fit 
parameters returned by Solver are given.
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Figure 3.25: Absorbance vs time plot of the sensors monitoring the TVB-N levels of orange 
roughy samples OR2,4, OR25 and OR2,6 (Figure 3.16). The error bars are ± standard deviation, 
where n=3. The sum of squared residuals for the best-fit curve is 0.0001. The best-fit parameters 
returned by Solver are given.
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Figure 3.26: Absorbance vs time plot of the sensors monitoring the TVB-N levels of orange 
roughy samples ORy, OR3,5 and OR36 (Figure 3.16). The error bars are ± standard deviation, 
where n=3. The sum of squared residuals for the best-fit curve is 0.0002. The best-fit parameters 
returned by Solver are given.
These figures show that the sensor response increases after an incubation period o f  
approxim ate ly 15-20 hours, to form  a plateau at approxim ate ly 40 hours. The best-fit 
parameters are again shown on each curve and are discussed in  the fo llo w in g  section.
3.3.4.4 History of samples
The age and cond ition  o f  the samples tested were not fu l ly  known. I t  was believed 
that the orange roughy samples were approxim ate ly 1-2 days o ld  when purchased, 
and that the cod samples were approxim ate ly 2-3 days old. Each type o f  sample may 
not have come from  the same catch; i f  they did, they m ay not have been caught at the 
same tim e. The samples w ou ld  not have been stored away from  the rest o f  the catch, 
w h ich  increases the poss ib ility  o f  bacteria contam ination. The samples were obtained 
fille ted , thus it  is h ig h ly  lik e ly  that bacterial cross-contam ination was introduced at 
th is step. The key po in t is that there are inherent differences between samples, and 
these differences w ould  cause d iffe ren t amounts o f  T V B -N  to be released into the
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sample headspace during gradual spoilage o f  the samples. Experim ental error such as 
the mass o f  a sample taken fo r analysis is lik e ly  to contribute much less than the 
error from  these differences between samples.
As can be seen in  each o f  the absorbance vs tim e plots fo r orange roughy (fille ts ) and 
cod, the variations were small at the po in t where the sensors were on ly  beginning to 
respond. A t the region where the sensor response has increased s ign ifican tly , the 
varia tion  between sensors also increases (approxim ate ly 15 % RSD). Some useful 
in fo rm ation  can be derived from  the best-fit s igm oid parameters. For the cod 
samples, the value o f  “ A ”  (the m axim um  absorbance that the sensor reaches) is
0.1976 au ±  0.01432 au. The value o f  “ Z ”  (the tim e, in  hours, taken fo r the sensor to 
reach the peak o f  its in flec tion  on the rise) is related to the age and h is tory o f  a 
sample. A  high Z  value indicates that a sample takes longer to  reach the m id -po in t o f  
in fle c tion  on the rise o f  curve, and is thus a sample that spoils more s low ly  than a 
sample w ith  a lo w  Z  value. This indicates that the th ird  cod f i l le t  (F igure 3.23) is 
lik e ly  a fresher sample than the firs t (F igure 3.21) and second (Figure 3.22) cod 
samples, as it  takes ca. 3 hours longer to reach the m id -po in t o f  the best-fit curve.
In fo rm ation  about the orange roughy samples was also derived. The value o f  A  is 
low er than for cod, at 0.1272 au ±  0.00820 au. This suggests that the orange roughy 
samples m ay release less amines than cod, and hence the sensors reach a plateau at a 
low er absorbance value. The Z  value is ca. 27 hours fo r a ll three fille ts  tested. The 
excellent best-fit line, w h ich  is seen in  the low  sum o f  squared residual values, 
strongly suggests that the 3 samples have very s im ila r ages and histories. They were 
lik e ly  to be fresher than the cod samples tested, as the sensor response takes ca. 8-10 
hours to reach the same po in t o f  in flec tion  on the rise o f  each curve per f i l le t  tested. 
Th is demonstrates that the sensors are able to return in fo rm a tion  about the condition 
o f  a sample. A  fresher sample w ould, in  p rinc ip le , take a longer period o f  tim e to 
cause a s ign ifican t sensor response. The tim e when this response happens is crucial 
to developing a w o rk ing  sensor.
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3.4 C o n c lu s io n
The sensors developed in  Chapter 2 were used successfully to m on ito r the changes in 
headspace T V B -N  levels released from  gradually spo iling  fish  samples. The sensors 
responded w e ll, changing co lour from  ye llo w  to purple during a spoilage experiment. 
The sensors were shown to respond to samples o f  w h iting , orange roughy, black 
scabbard and cod, each being samples that were treated d iffe ren tly . The im aging 
spectrograph (PAR ISS) system, in  com bination w ith  the simple experim ental setup 
devised, perform ed very w e ll fo r m on ito ring  spectral changes in  the sensor dots due 
to the release o f  amines from  many samples in  parallel. I t  was clear that the 
developed packaging needed to be gas-tight, to in h ib it the leakage o f  amines into the 
surrounding environm ent.
The data obtained from  the PARIS S system as a function  o f  tim e during a spoilage 
experim ent is m odelled on a best-fit s igm oid function. In  order to obtain the best-fit 
function, i t  is essential to collect and record m any data points during the spoilage 
tim eframe. The bes t-fit parameters o f  the s igm oid function  give inherent in fo rm ation  
about the qua lity  o f  a sample. However, there is no data thus far that can relate the 
sensor response to the level o f  spoilage o f  a sample. For example, the sensor 
response at the c ritica l threshold o f  spoilage is unknown. In  order fo r  this lin k  to be 
established, i t  is essential that the changes in  m icrob ia l populations o f  a spoiling 
sample be determ ined as a function o f  time. There should be a clear tim e-corre lation 
between the data from  the sensor and the m icrob ia l data, and this correlation w ould 
a llow  the m icrob ia l populations o f  a sample to be inferred from  a sensor reading. 
This w ou ld  also determ ine i f  the sensor is responding at the critica l threshold o f 
spoilage, and i f  so, establish the sensor response at th is threshold.
The data in  th is chapter has a clear significance and im p lica tion  fo r tracking food 
qua lity  in  ind iv idua l packages. There is enormous development potentia l, but this 
requires a ll stakeholders and particu la rly  consumers to be educated in  how  to 
interpret the in form ation. A  simple analysis system, such as the handheld colour 
scanner device developed in Chapter 5, has a clear advantage in  this area.
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4  C o r r e l a t i o n  o f  C h e m i c a l  S e n s o r  R e s p o n s e  w i t h  
M i c r o b i a l  P o p u l a t i o n s  a n d  H e a d s p a c e  V o l a t i l e s  
d u r i n g  F i s h  S p o i l a g e
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4 .1  In tro d u c tio n
This chapter presents results that study the tim e-correlations between the response o f 
the cresol red based chem ical sensors developed to m on ito r headspace spoilage 
volatiles o f  fish  samples (Chapter 3), the headspace T V B -N  concentrations and 
m icrob ia l populations during spoilage o f  fish. The sensors were used to m onito r 
many samples in  paralle l, m ostly  fro m  the cod species; a ll samples analysed had 
know n catch histories. Headspace T V B -N  levels were quantified b y  a titra tion  
method. A  paralle l study o f  the m ic rob ia l populations was performed, fo r  both the 
total viable counts (TV C s) and the pseudomonas species, one o f  the specific spoilage 
organisms (SSOs) in  seafood. These results present, fo r the firs t tim e, a w ork ing  pH - 
ind ica tor based chemical sensor that can be used to in fe r m icrob ia l populations and 
headspace T V B -N  levels o f  fish, and hence give real-tim e in fo rm ation  about the 
onset o f  spoilage o f  seafood samples. Results from  th is chapter were recently 
accepted fo r pub lica tion  in  Sensors and Actuators B  (chem.) [98].
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4.2 E x p e r im e n ta l
4.2.1 M aterials and equipment
A ll  chemicals and reagents used fo r sensor fabrication were as previously described 
(Section 2 4 .2 ). B o ric  acid and m ethyl red were obtained from  S igm a-A ldrich 
(D ub lin , Ire land). Reagent grade hydroch lo ric  acid was obtained from  B D H  (D ublin , 
Ireland). A l l  equipment used fo r sensor spectral analysis was as previously described 
(Section 2.2.1). 10 m l H am ilton  gastight syringe was supplied by Carl Stuart 
(D ub lin , Ireland).
4.2.2 History of fish samples
2 whole cod (Figure 4.1, herein called “ cod (a)” ) and 2 whole plaice (Figure 4.2) 
were caught approxim ate ly 20 m iles northeast o f  H ow th, D ub lin , Ire land and were 
stored on ice on board the traw ler, in  separate storage from  the rest o f  the catch. A l l  4 
samples were caught during the same excursion to sea. The tim e o f  death o f  each 
catch was know n and the samples were stored in  a laboratory freezer at -20 °C, 
w ith in  three hours o f  death. W hen required, the samples were thawed s lo w ly  at 4 °C, 
before ris ing  to room  temperature o f  19-21 °C. The fish were washed, bled and 
gutted, and aseptic techniques were used throughout to avoid any bacterial cross­
contam ination between samples (as described in  Section 3.2.4).
F ive whole cod (herein called “ cod (b )” ) were caught approxim ate ly 15 m iles 
northeast o f  H ow th, D ub lin , Ireland and were stored on ice on board the traw ler, in  
separate storage from  the rest o f  the catch. They were caught during three d ifferent 
excursions at sea. The tim e o f  death o f  each catch was know n and the samples were 
stored iden tica lly  to the cod (a) and p la ice samples. W hen required, the fish were 
washed, bled and gutted, using aseptic techniques throughout. The cod (a), cod (b)
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and plaice samples represent the freshest and m ost reproducible samples i t  is possible 
to obtain.
Figure 4.1: The cod (a) samples caught in the Irish Sea had known catch profiles. They were 
washed, bled and gutted within 1 hour of purchase and aseptic techniques were used 
throughout. The point of incision of the blade for gutting is shown.
Figure 4.2: The plaice samples that were caught in the Irish Sea also had known catch profiles. 
The gutting of flat fish like plaice requires the blade to be inserted carefully at the side of the 
fish, as shown.
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4.2.3 Experimental setup
Three sub-samples were retained from the central portion of each cod (a) and plaice 
sample. The levels of spoilage volatiles released into the sample headspace as a 
function of time for each fish were monitored by the sensor dots as described in 
Section 3.2.4. All samples were stored whole at room temperature throughout, i.e. 
19-21 °C. 25 g samples were removed from the central region of each fish in small 
sterile bags for TVC analysis, at time zero and at 74 hours. These times were selected 
since they are before and after spoilage of the samples.
Three sub-samples were retained from the central portion of each cod (b) for 
analysis. There were hence a total of 15 samples analysed from 5 fish. 4 of the cod 
samples were used for microbiological analysis and 1 sample was used for headspace 
TVB-N determination. 2 x 25 g samples were removed from the central region of 
each fish in small sterile bags for TVC and SSO analysis, at many points during the 
experimental timeframe, from time zero to 74 hours. All samples were stored at room 
temperature throughout. Figure 4.3 shows an outline of the experimental protocol 
used for cod (b).
Figure 4.3: Flow chart showing experimental protocol used.
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4.2.4 Determ ination o f headspace TV B-N levels
The standard EU  method fo r determ ination o f  T V B -N  levels o f  tissue samples [65] 
was adapted to a llow  the quantifica tion o f  headspace T V B -N  levels at defined times. 
This method details that the vo la tile  bases be extracted from  a 100 g tissue sample by 
a 0.6 M  perch loric  acid solution, and then steam d is tilled . The vola tiles are then 
collected by an absorbing acid receiver, 0.3 M  boric acid. The volatiles neutralise 
some o f  the ac id ity  o f  the boric acid, and this reduction in  ac id ity  is determined by 
titra tion  against standardised 0.05 M  HC1, using m ethyl red as visual indicator. The 
HC1 is standardised w ith  0.1 M  sodium carbonate. The titran t value allows an overall 
concentration o f  T V B -N , in  m o la rity , per 100 g o f  fish  sample tested to be 
calculated, equivalent to the concentration o f  reacted acid. To adapt this 
m ethodology, i t  was assumed that s ign ifican tly  less amines are released into the 
sample headspace than are present in  tissue. Hence, the amount o f  fish  sample used 
was increased, and the concentration o f  standardised HC1 used was decreased, in  
order to be better able to detect the low er concentration o f  amines in  the sample 
headspace.
A pprox im ate ly  260 g o f  one o f  the cod (b) samples, taken from  3 sam pling points 
w ith in  the sample and m ixed together by grind ing, was placed in a 2 litre  single 
necked round-bottom  flask, sealed w ith  a gastight rubber septum. To ensure constant 
pressure in the sample headspace, a small ba lloon  fille d  w ith  n itrogen was fitted  
through the septum o f  the round-bottom  flask v ia  a syringe needle. A t  required times, 
10 m l o f  sample headspace was removed using a gastight syringe and injected 
through a rubber septum into a 250 m l flask contain ing 20 m l o f  0.3 M  boric acid. 
The headspace samples were extracted fo r  analysis in  duplicate. The solutions were 
le ft s tirring  overn ight to ensure fu ll reaction o f  injected T V B -N  and the receiver 
solution.
Each o f  the receiver solutions were titra ted against 0.005 M  standardised 
hydroch loric  acid, using m ethyl red as a visual indicator. The volum e o f  titran t used 
allowed the determ ination o f  the concentration o f  T V B -N  in  the sample headspace.
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The data was normalised to between 0 and 100 %, by d iv id in g  the highest value into 
each data subset, and m u ltip ly ing  by 100 to convert to a %  scale. The data was 
expressed as the concentration o f  T V B -N  released per m l o f  sample headspace, per 
100 g o f  fish sample used.
4.2.5 Enumeration of microbial populations
T V C  analysis and pseudomonas counts were perform ed by C ity  B io log ic , D ub lin  
C ity  U n iversity, Ireland [99], 2 x 25 g sections were removed from the cod (b) 
samples at defined points during the experimental tim efram e from 0 to 74 hours and 
were sent for analysis. Pseudomonas counts were determined by a previously 
reported standardised method [100], T V C  enumeration was performed using 
standard ISO 4833 techniques at 30 °C.
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4.3 R e su lts  a n d  d iscu ss io n
4.3.1 General trends identified
The response o f  the sensors m on ito ring  the cod (a) and plaice samples fits  a sigm oid 
function  over the experim ental tim efram e, as expected. The best-fit parameters fo r 
each o f  the functions suggest that the samples were caught at s im ila r times. The T V C  
analysis perform ed on each o f  these samples shows that there is a very large increase 
in  m icrob ia l numbers during the experimental tim efram e. This is the firs t set o f  
results obtained that shows a re lationship between the sensor response and m icrob ia l 
populations.
The response o f  the sensors m on ito ring  the cod (b) samples was also sigm oidal and 
illustrates the excellent rep roduc ib ility  o f  the sensors and the favourable catch 
histories. The sensor response o f  a ll 15 cod (b) samples was pooled and the RSD fo r 
a responding sensor was ca. 3 %. The corre lation between the T V C  values, the 
pseudomonas populations (both determ ined at many points during the experimental 
tim efram e) and the sensor response was investigated. The headspace T V B -N  levels 
were also shown to correlate strongly to the sensor response. This is the firs t set o f  
results to show that the response o f  the sensors can be used to in fe r headspace T V B - 
N  levels and m icrob ia l populations, and hence give in fo rm ation  about the spoilage o f  
a fish  sample.
4.3.2 Sensors monitoring TVB-N of cod (a) and plaice
The sensors began to respond v isua lly  at ca. 24 hours, tu rn ing  from  ye llow  to a pale 
orange colour, w h ich deepened to a purple co lour by the end o f  the experimental 
tim efram e. Regular spectral measurements were taken by  the im aging spectrograph 
in  reflectance mode o f  the sensors m onito ring  the cod samples (Figure 4.4) and the 
plaice samples (F igure 4.5) from  tim e zero to 72 hours.
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Figure 4.4: Absorbance vs time plot of the sensors monitoring the TVB-N levels of 2 cod 
samples. 3 sensors monitored the TVB-N levels per fish, and all 6 sensors were pooled together. 
The error bars are ± standard deviation, where n=6. The sum of squared residuals of the best-fit 
line was 0.0003. The best-fit parameters returned by Solver are given.
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Figure 4.5: Absorbance vs time plot of the sensors monitoring the TVB-N levels of 2 plaice 
samples. 3 sensors monitored the TVB-N levels per fish, and all 6 sensors were pooled together. 
The error bars are ± standard deviation, where n=6. The sum of squared residuals of the best-fit 
line was 0.0002. The best-fit parameters returned by Solver are given.
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1The response of the sensors to these cod and plaice samples is almost identical, as 
confirmed by the very similar best-fit parameters returned by Solver for both sets of 
sigmoid curves. This suggests that both of these species release very similar levels of 
TVB-N during spoilage, which generates very similar sensor responses. The RSD for 
a responding sensor for all species tested was ca. 7 %.
4.3.3 Sensors monitoring TVB-N of cod (b)
To illustrate the changes in a fish sample over the experimental timeframe at room 
temperature, Figure 4.6 shows one of the cod (b) samples after storage for 60 hours. 
The tissue is very darkened and dried-out, and it emits a pungent, offensive odour.
Figure 4.6: After storage at room temperature for 60 hours, the cod (b) sample shown has 
become very darkened and dried-out.
The sensors monitoring the TVB-N levels of cod (b) show a similar response during 
the experimental timeframe to the results shown for those sensors monitoring cod (a) 
and plaice (Figure 4.7). The 5 pooled cod (b) samples were all caught and stored in 
very similar conditions. This is illustrated by the average RSD between readings,
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w hich  was ca. 3 %. Furtherm ore, the best-fit parameters are a ll s im ila r to those 
p reviously obtained, as illustra ted by the values shown.
Time /hours
Figure 4.7: Absorbance vs time plot of the sensors monitoring the TVB-N levels of all 5 cod (b) 
samples. 3 sensors monitored the TVB-N levels per fish, and all 15 sensors were pooled together. 
The error bars are ± standard deviation, where n=15. The sum of squared residuals of the best- 
fit line was 0.0003. The best-fit parameters returned by Solver arc given.
4.3.3.1 Reproducibility of sensor fabrication and response
There are a number o f  key  points here:
•  The 5 cod samples were caught at three d iffe ren t times. Tw o samples were
caught during each o f  the firs t tw o  times at sea, and on ly  one sample was
used from  the la tte r catch.
•  The sensors m on ito ring  these samples were prepared in different batches.
They were each prepared the same way, but at d iffe rent times. The
rep roduc ib ility  o f  sensor fabrication is thus h igh ly  satisfactory.
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•  N o  tw o  fish  samples are the same. However, these samples, although caught 
at d iffe ren t times, were a ll caught from  the same location, by the same 
traw ler, stored in  the same hold, on ice, separate from  the rest o f  the catch. 
The samples were a ll treated the same way; hence they are as s im ila r as tw o  
samples can be.
The RSD is a h igh ly  acceptable value. This is the firs t tim e that the rep roduc ib ility  o f  
the sensors m on ito ring  real samples has been investigated, as i t  requires samples o f  
th is qua lity  to be obtained. The importance o f  ob ta in ing samples w ith  a w e ll-know n 
and contro lled h is tory is paramount in  a study such as th is one.
4.3.4 Determination of headspace TVB-N levels
Q uantification o f  the amount o f  amines released in to  the sample headspace at a 
particu lar tim e allow ed a comparison o f  the sensor response and headspace T V B -N  
levels. HC1 was used to titrate solutions o f  boric acid that contained injected 
headspace amines, and the vo lum e o f  acid used to neutralise the total bases at a given 
tim e was determined.
HC1 reacts w ith  the co llec tive  vo la tile  bases as fo llow s:
Base-N +  HC1 -»  Base-N+ +  C l'
The bases are neutralised b y  the m onoprotic acid, and i t  is assumed that the 
sto ich iom etry o f  the reaction between the acid and bases is 1:1. This is a va lid  
assumption, as T M A , D M A  and ammonia (w h ich  are the highest p roportion o f  T V B - 
N ) a ll react 1:1 w ith  HC1.
The standard titra tion  equation [101] was used fo r calculation o f  the number o f  moles 
o f  T V B -N  equivalent to  the num ber o f  moles o f  acid reacted:
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MiK -  m 2v2 Equation 4-1
«1 n
where Mi, Vi and «/ =  m olarity , volum e and num ber o f  moles reacted o f  species “ 1”  
(acid),
and M2, V? and ri2 =  m o la rity , volum e and num ber o f  moles reacted o f  species “ 2”  
(base).
Since the vo la tilised bases react 1:1 w ith  the acid titran t, the reaction is s im p lified :
M i, the concentration o f  the standardised HC1 was calculated as 0.0066 M  by 
titra tion  against 0.01 M sodium carbonate (N a jC C ^). Hence, the value o f  M2 at a 
given tim e was calculated (Table 4.1). This is equal to the concentration o f  T V B -N  
released per 10 m l sample headspace volum e taken, per 260 g o f  fish. The data were 
normalised, to g ive the concentration o f  T V B -N  released per m l sample headspace 
volum e, per 100 g o f  fish (Figure 4.8).
MXVX =M2V2 Equation 4-2
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Tim e
/hours
Volum e HC1 
/m l
Average 
Volum e 
HC1 /m l
Average T V B -N  
conc. per 10ml 
sample per 260 g 
fish /10 ’3 M
Average T V B -N  
conc. per ml sample 
per 100 g fish / 10'  ^
M
0
S a m p le
1
0.10
S a m p le
2
0.10 0.10 ± 0 .0 0 0 0.033 ±  0.0000 0.13 ± 0 .0 0 0
9 0.10 0.10 0.10 ± 0 .0 0 0 0.033 ±  0.0000 0.13 ± 0 .0 0 0
23 1.20 0.85 1.03 ± 0 .2 4 7 0.338 ± 0 .0820 1.30 ± 0 .3 1 4
28 3.05 2.70 2.88 ±  0.247 0.949 ±  0.0820 3.65 ± 0 .3 1 4
33 4.25 4.40 4.33 ± 0 .1 0 6 1.427 ±0 .0 3 5 0 5.49 ± 0 .1 3 5
36 5.10 5.25 5.18 ± 0 .1 0 6 1.708 ±0 .0 3 5 0 6.57 ± 0 .135
49 6.75 6.90 6.83 ± 0 .1 0 6 2.252 ±  0.0350 8.66 ± 0 .1 3 5
53 7.85 7.55 7.70 ±  0.212 2.541 ±  0.0700 9.77 ±  0.269
59 8.45 8.60 8.53 ± 0 .1 0 6 2.813 ±0 .0 3 5 0 10.82 ± 0 .135
73 9.50 9.20 9.35 ± 0 .2 1 2 3.086 ±0 .0700 11.87 ± 0 .2 6 9
Table 4.1: The data shown was used to determine the TVB-N concentration released into each 
ml of sample headspace, per 100 g fish sample used for analysis. The data is shown graphically 
in Figure 4.8.
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Figure 4.8: Changes in the TVB-N concentration released during spoilage with time. A best-fit 
sigmoid was modelled to the data. The error bars are ± standard deviation, where n=2. The sum 
of squared residuals of the best-fit line was 0.0030. The best-fit parameters returned by Solver 
are given.
The trend seen is s im ila r to  the trend iden tified  fo r the sensor responses m onitoring 
the headspace amine levels o f  the cod (b) samples w ith  tim e. There is no significant 
amine output fo r ca. 15-20 hours, ind ica ting  that the sample has not yet begun to 
spoil, as T V B -N  are not released u n til spoilage organisms have begun to  grow  [58], 
A fte r th is tim e, there is a clear and measurable increase in  levels o f  T V B -N  released 
into the headspace. This level doesn’ t  fo rm  a plateau, ind icating that the amine levels 
keep ris ing  during the experimental tim efram e o f  74 hours at room  temperature. 
Hence, i t  m ay not be s tric tly  correct to model a best-fit s igm oid equation, but 
nevertheless, i t  serves to clearly and v isua lly  demonstrate the corre lation between the 
datasets.
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4.3.4.1 Comparison of TVB-N levels and sensor response
In  order to a llow  a d irect comparison between each set o f  values, the data were 
norm alised to between 0 and 100 %. Th is produced an overlay p lo t (F igure 4.9) o f  
the sensor response and the changing T V B -N  levels w ith  tim e.
□  TVB-N conc
-  -  Best-fit line for TVB-N
conc
•  Spectal data
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data
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Figure 4.9: Graphical comparison of sensor response to headspace TVB-N levels. Best-fit 
sigmoidal curves were modelled to the data and all values have been normalised between 0 and 
100 %. The sensor response was an average of 15 repeats and the changes in headspace TVB-N 
levels were an average of 2 repeats, and the error bars are ± the standard deviation of the 
replicate data.
I t  is c learly  seen that the changing sensor response is fo llo w in g  the dynamics o f  the 
change in  headspace amine levels. The output o f  T V B -N  does not reach a steady 
value during the 74 hours, w h ich  indicates that the sensor is reaching saturation at ca. 
45 hours. A  comparison o f  the best-fit m odel parameters also illustrates the excellent 
corre lation between data, w ith  very s im ila r B and Z  values, w h ich  is discussed in  
m ore detail in  Section 4.3.6.
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The close corre lation between both datasets means that the headspace amine levels 
can be interpolated from  a measured sensor response. This is the firs t set o f  data 
available that relates a chemical sensor response fo r m on ito ring  spoilage levels o f 
packaged fish  to the headspace amine levels released during spoilage.
4.3.5 Microbial populations
The m icrob ia l populations were determ ined at defined points during the experimental 
tim efram e. The T V C  levels o f  cod (a) and plaice were determ ined at on ly 2 points. 
The T V C  and pseudomonas populations o f  cod (b) samples were determined at many 
points during  spoilage.
4.3.5.1 TVC of cod (a) and plaice
The response o f  the sensors m on ito ring  the T V B -N  o f  cod (a) and plaice samples 
was shown in  Figure 4.4 and F igure 4.5 respectively. The T V C  levels o f  each o f 
these fish  were determined at tim e zero and 72 hours (Table 4.2). A t  tim e zero, the 
samples were fresh and had litt le  odour. A t the end o f  the experim ental timeframe, 
the samples (w h ich  were being stored whole) had a pungent odour, were dried out 
and the tissue had become hard and much darker in  colour.
Sample tested
T V C  (tim e 0 hours) 
C F U /g
T V C  (tim e 72 hours) 
C F U /g
Cod sample 1 8.0 x  10J 1.2 x  107
Cod sample 2 8.0 x  103 2.4 x  108
Plaice sample 1 2.6 x  105 1.8 x  108
Plaice sample 2 3.0 x  103 1.9 x  108
Table 4.2: Data from TVC analysis of cod (a) and plaice.
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There is, on average, an increase o f  4-5 orders o f  magnitude in  m icrob ia l populations 
during the experimental tim efram e. This increase causes more T M A  and other basic 
vo la tiles to be released, w h ich  is detected through changes in  the sensor response by 
a change in  co lour o f  the sensor dot from  ye llow  to purple. Seafood can be 
considered spoiled when T V C  levels are h igher than 105 CFU /g o f  sample [60], The 
developed sensor is c learly responding in  this region. These data present the firs t 
find ings that the response o f  a chem ical sensor could be used to in fe r m icrob ia l 
populations, and hence give in fo rm a tion  about the spoilage o f  a seafood sample.
4.3.5.2 TVC of cod (b)
The response o f  the sensors m on ito ring  the T V B -N  released by  the cod (b) samples 
was shown in  Figure 4.7. The T V C  levels were determ ined in  duplicate at many 
points during the experimental tim efram e and the results are given in  Table 4.3.
T im e /hours
T V C  
C F U / g
Sample 1 Sample 2
0 2.0 x  103 2.0 x  103
9 3.0 x  103 3.0 x 103
28 3.0 x  103 1.8 x  103
33 9.0 x 106 2.7 x  105
36 1.5 x  105 1.9 x  106
49 2.0 x  106 1.4 x  107
53 3.7 x  105 1.3 x  107
59 1.6 x  106 2.3 x 107
Table 4.3: Data from TVC analysis of cod (b). Units are Colony Forming Units (CFU) / g of 
sample tested.
The same general trend is seen fo r both samples analysed. The natural flo ra  o f  cod at 
tim e zero (at its freshest) is 2 x  103 CFU /g o f  sample tested. The T V C  values stay
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lo w  fo r approxim ate ly 28-30 hours, where they q u ick ly  increase by ca. 3 orders o f  
magnitude. The m icrob ia l populations stay at th is approximate level u n til the end o f  
the experimental tim efram e. They do no t decrease, w h ich  shows that the bacteria 
have not yet entered the death phase. The log T V C  data is shown graphica lly in  
F igure 4.10.
Time /hours
Figure 4.10: Changes in TVC populations with time for cod stored at room temperature. 
Duplicate samples were taken for analysis, and the error bars shown are ± the standard 
deviation where n=2. The sum of squared residuals for the best-fit line was 0.0021. The best-fit 
parameters returned by Solver are given.
The large variations seen are due to the natural differences between samples. The 
samples were removed aseptically, but the position  from  where a sample is taken is 
im portant in  rep roduc ib ility  o f  T V C  enumerations. Each sample removed was taken 
from  the same approximate place in  each w hole  fish.
This trend c lose ly resembles the one shown in  Figure 1.11. The data was normalised 
between 0 and 100 % to create an overlay chart between the sensor response and the 
changes in  T V C  w ith  tim e (F igure 4.11). I t  is shown that the sensor response is 
fo llo w in g  the changing trend in  m icrob ia l ac tiv ity , expressed as TVC . This can also 
be c learly  seen by the s im ila r best-fit s igm oid parameters. Referring to Section
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1.5.2.2, there should also be a close corre lation between the specific spoilage 
organisms and the sensor response.
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Figure 4.11: Graphical comparison of sensor response to TVC populations with time. Best-fit 
sigmoidal curves were modelled to the data and all values have been normalised between 0 and 
100 %. The sensor response was an average of 15 repeats and the TVC levels were an average of 
2 repeats. The error bars shown are ± standard deviation of the replicate data.
4.3.5.3 Pseudomonas populations of cod (b)
The pseudomonas species populations were determined in  duplicate at many points 
during the experimental tim efram e and the results are g iven in  Table 4.4. The same 
trend is seen fo r both samples. The pseudomonas populations are very lo w  (< 10) fo r 
the firs t ca. 20 hours, where they rise fo r  the next ca. 25 hours, reaching a plateau fo r 
the end o f  the experimental tim efram e. The data is shown graph ica lly  in  Figure 4.12.
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T im e /hours
Pseudomonas populations
C F U /g
Sample 1 Sample 2
0 < 1 0 <  10
12 < 1 0 <  10
23.5 < 1 0 2.0 x  102
29 2.5 x  103 8.0 x  101
33 1.3 x  103 6.0 x  102
36 8.0 x  103 1.4 x  103
49 1.2 x  106 4.5 x  104
57 2.9 x  105 2.8 x  105
74 4.8 x  106 1.9 x  106
Table 4.4: Data from pseudomonas species analysis of cod (b).
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Figure 4.12: Changes in pseudomonas species populations with time for cod stored at room 
temperature. Duplicate samples were taken for analysis, and the error bars shown are ± the 
standard deviation where n=2. The sum of squared residuals for the best-fit line was 0.3122. The 
best-fit parameters returned by Solver are given.
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Again, this trend closely resembles the one shown in  Figure 1.11. The data was 
norm alised between 0 and 100 %  to create an overlay chart between the sensor 
response and the changes in  pseudomonas species populations w ith  time.
0 6 12 18 24 30 36 42  48  54 60 66 72  78
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Figure 4.13: Graphical comparison of sensor response to pseudomonas species populations with 
time. Best-fit sigmoidal curves were modelled to the data and all values have been normalised 
between 0 and 100 %. The sensor response was an average of 15 repeats and the pseudomonas 
species levels were an average of 2 repeats. The error bars shown are ± standard deviation of 
the replicate data.
This overlay chart shows that when the pseudomonas species populations start to 
increase at ca. 20 hours, the sensor response also begins to increase. The trend 
fo llow s  that o f  the m icrob ia l g row th  curve, stopping at the stationary phase, I t  is 
c learly seen that the changing sensor response is fo llo w in g  the dynamics o f  the 
change in  pseudomonas species populations. A  comparison o f  the best-fit parameters 
also shows the s im ila rities  between the datasets.
This presents, fo r the firs t tim e, data that a llows the m icrob ia l populations at any 
tim e during the experim ental tim efram e to be inferred from  a sensor reading. These
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data a llow  the sensor response at the po in t o f  spoilage to be identified , and the 
headspace T V B -N  levels to be determ ined at th is point.
4.3.6 Summary of results
The population o f  the natural flo ra  o f  the fish  (T V C ) at the start o f  the spoilage 
tim efram e is 103 CFU /g  (Table 4.3). The pseudomonas counts at the same po in t in 
tim e are <10 CFU /g  (Table 4.4). The T V C  levels rem ained almost constant fo r the 
in itia l 28 hours at 103 CFU /g, fo llow ed  by a sharp increase at ca. 32-34 hours, to 106 
C FU  /g (F igure 4.10). The T V C  levels rem ain re la tive ly  unchanged after this time. In  
contrast, as spoilage in it ia lly  proceeds, the pseudomonas species populations rise 
gradually from  0 to ca. 25 hours, accelerate from  25-48 hours, and then gradually 
slow down fo r the rem ain ing tim e period (F igure 4.12). There is a close correlation 
between the sensor response and the pseudomonas species populations (Figure 4.13), 
ind ica ting  that the sensor is in d ire c tly  fo llo w in g  the levels o f  th is specific spoilage 
organism. Changes in  SSOs are also know n to correlate w e ll to T V B -N  levels, and a 
summary o f  the correlations is shown in  Figure 4.14. These trends are s im ila r to the 
ones identified  by a recent study o f  the changes in  m icrob ia l populations w ith  tim e 
(Figure 4.15).
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F ig u r e  4 .14: S u m m a r y  o f  c o r r e la t io n  b e tw e e n  se n so r re sp o n se , p se u d o m o n a s  sp ec ies  
p o p u la t io n s , T V C  v a lu e s  a n d  h e a d s p a c e  T V B - N  c o n c e n tra t io n s . T h e  se n s o r re sp o nse  is  c le a r ly  
fo llo w in g  th e  d y n a m ic s  o f  c h a n g e  o f  th e  m ic r o b ia l  p o p u la t io n s , seen  th ro u g h  a n  in c re a s e  in  th e  
h e a d s p a c e  T V B - N  re le ase d . T h e  e r r o r  b a r s  sh o w n  a r e  a l l  ±  th e  s ta n d a rd  d e v ia t io n  o f  th e  
r e p l ic a te  d a ta .
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F ig u r e  4 .1 5 : R e s u lt s  f r o m  a  r e c e n t  s tu d y  sh o w  th e  r e la t io n s h ip  b e tw e e n  T V C s ,  S S O s  a n d  th e  
c o n c e n tr a t io n  o f  sp o ila g e  m e ta b o lite s  w i th  t im e  [50 ].
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A summary o f all the data collected is shown in Table 4.5.
Time
/hours
Sensor response 
/absorbance units 
(n = 15)
Average TVB-N  
conc. per m l sample 
per 100 g fish / 10'5 
M 
(n=2)
Log TVC 
C FU /g 
(n=2)
Log pseudomonas 
populations 
C FU /g 
(n=2)
0 -0.0001 ±0.00010 0.13 ±0.000 3.30 ±0.000 1.00 ±0.000
6 -0.0001 ±0.00000 0.13 ±0.000 - -
9 -0.0001 ±0.00000 - 3.47 ±0.000 -
12 -0.0002 ±0.00010 - - 1.0000 ±0.000
23 - 1.00 ±0.314 - 1.65 ±0.920
24 0.0571 ±0.00085 - - -
28 - 3.65 ±0.314 3.36 ±0.157 -
29 - - - 2.65 ± 1.057
30 0.0798 ±0.01065 - - -
33 0.1072 ±0.00340 5.49 ±0.135 6.19 ±  1.077 2.94 ±0.237
36 0.1231 ±0.00145 6.57 ±0.135 5.72 ±0.780 3.52 ±0.535
38 0.1311 ±0.00345 - - -
49 0.1514 ±  0.00715 8.66 ±  0.135 6.72 ±0.600 5.37 ±1.008
53 - 9.77 ±  0.269 6.34 ±  1.093 -
54 0.1657 ±0.00190 - - -
57 0.1712 ±0.00105 - - 5.45 ±0.011
59 - 10.82 ±0.135 6.78 ±0.921 -
70 0.1723 ±0.00114 - - -
73 - 11.87 ±0.269 - -
74 0.1744 ±0.00132 - - 6.48 ±0.285
Table 4.5: Comparison of sensor response at Xmax, the normalised headspace TVB-N 
concentrations, the TVC values and the pseudomonas species populations.
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A n  additional comparison can be made by com paring the best-fit parameters from  
each o f  the datasets obtained. Table 4.6 shows a com parison o f  each o f  the best-fit 
m odel parameters obtained from  each o f  the sigm oid functions, from  a ll cod (b) 
samples analysed. The most relevant parameter fo r comparison is the m id -po in t o f 
the in fle c tio n  on the rise, in  hours, parameter Z. This parameter is s im ila r in  a ll cases, 
and strengthens the case that the sensor response is fo llo w in g  the changing dynamics 
o f  the m ic rob ia l populations, and that the headspace T V B -N  and m icrob ia l 
populations can be inferred from  a simple reading o f  the co lour o f  the sensor.
B est-fit parameter Sensor response T V B -N  levels T V C Pseudomonas
A 0.1814 0.0001 3.0309 5.4639
B -0.1346 -0.1345 -1.3690 -0.1077
Z 29.185 30.000 31.165 36.686
D -0.0091 0.0000 3.3687 0.7461
Table 4.6: Comparison of the best-fit model parameters for each of the sigmoid functions 
obtained.
I t  is noted that the results should be confirm ed at refrigerated temperature, since fish 
are not no rm a lly  stored at room  temperature. In  order to draw successful 
comparisons between datasets from  d iffe ren t experim ental setups, i t  is essential that 
the samples are to be stored in  the same environments. A  good correlation w il l  only 
be observed i f  the temperature o f  the sensors m on ito ring  the release o f  T V B -N  from  
spoilage fish samples is the same as the temperature o f  fish storage during the 
headspace T V B -N  determ ination and the m icrob ia l popula tion determinations. Each 
experimental was perform ed in  paralle l at the same storage conditions, so a good 
corre la tion was hence observed.
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4.3.7 Fish spoilage prediction
There is litt le  in fo rm ation  available in  the literature to relate pseudomonas 
populations to when spoilage occurs in  a packaged seafood sample. However, it  is 
lik e ly  that the pseudomonas populations w ou ld  be in  the region o f  ca. 102 CFU /g in  
order fo r a sample to be starting to spoil. M ic rob ia l guidelines are better defined fo r 
TVCs, and values o f  ca. 105 C FU  /g are ind icative o f  spoilage o f  a seafood sample 
[60]. The co lour change o f  the sensor from  ye llow  to  pale orange, w h ich  was seen at 
ca. 23 hours, corresponds to the on-set o f  fish spoilage, a llows a spoiling product to 
be identified . In  our experim ental w o rk  w ith  cod at room  temperature, th is occurred 
in  the region o f  ca. 29-36 hours, at ca. 0.07-0.08 au.
The length o f  tim e fo r th is c ritica l sensor reading to be established fo r any given 
seafood sample w il l  vary on a num ber o f  key criteria, such as:
•  Storage temperature.
•  Species o f  interest.
•  Age o f  sample.
•  Sample storage regime.
•  W hole versus fille te d  fish.
•  F ish sample to headspace ratio.
The key po in t is that when the sensor response reaches a pre-determ ined value, or 
co lour (compared to, perhaps, a set o f  reference colours) fo r  a species (ca. 0.08 au fo r 
cod), th is indicates that the sample has spoiled and is not f i t  fo r  consumption.
I t  is not possible to pred ict freshness o r rem aining she lf-life  from  the m onito ring  o f 
headspace T V B -N  levels, since they essentially do not change u n til the spoilage 
organisms approach the exponential phase o f  growth [64], i.e. they are an index o f  
spoilage. However, the sensor response in Figure 4.7 at ca. 0-12 hours, where the 
sensors rem ain unchanged, indicates the fish is s till safe to be consumed. The linear
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portion  o f  the sensor response curve is at ca. 22-40 hours (F igure 4.16). Taking a 5 % 
deviation from  linea rity  tolerance, the low er end o f  the linea rity  curve is at ca. 19.5 
hours and the upper end o f  the linea rity  curve is at ca. 42.0 hours.
Time /hours
Figure 4.16: Taking a 5 % deviation from linearity, the lower limit of a reliable sensor 
measurement within the linear region of the curve is at ca. 19.5 hours. The error bars shown are 
± the standard deviation between replicate readings, where n=15.
This indicates that a re liab le  sensor measurement can be taken as lo w  as ca. 19.5 
hours, where the absorbance o f  the best-fit curve is ca. 0.03 au. Therefore, in  a closed 
(o r packaged) environm ent, the sensor is capable o f  g iv ing  an early warning o f  fish 
spoilage. The sample is fu lly  spoiled after ca. 29 hours, hence these set o f  spoilage 
experiments show that there exists an approximate 10-hour early w arn ing tim e period 
o f  the on-set o f  spoilage at room  temperature fo r cod. Th is tim e w ould  lik e ly  be 
extended i f  the storage temperature o f  the fish samples was low er, since it  w ou ld  take 
longer fo r  the spoilage organisms to m u ltip ly .
The colour o f  the sensors can be crudely used to indicate the on-set o f  spoilage. A t 
tim e zero, the sensor is ye llow , and remains so fo r a period o f  tim e as the m icrob ia l 
populations are increasing. A t the early warning o f  spoilage threshold, the sensor is
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pale orange, and this co lour warns the user that the sample should be used or 
consumed qu ick ly . A t  the threshold o f  spoilage, the sensor is dark red, and continues 
to react w ith  headspace amines un til a deep purple co lour is reached at the po in t o f  
saturation. This dark red - purple co lour warns the user that the sample should no 
longer be consumed.
The absorbances/colours at these c ritica l regions depend very strongly on the 
rep roduc ib ility  o f  the sensors. The sensor production process needs to  be very 
reproducib le in  order fo r  the absorbances to be reproducib le also. The RSD o f  the 
sensors responding to cod is ca. 3 % , where n=15. These sensors were made in 
d iffe rent batches, yet they have excellent reproducib ility . The manual production 
process used w ou ld  never be p rac tica lly  considered fo r any com m ercial applications 
o f  the sensor, bu t is should be understood that there is a lin k  between the p rin ting  
process used, and the rep roduc ib ility  o f  the sensor response at the thresholds o f 
spoilage.
Figure 4.16 is essentially a ca libration o f  the sensor, as i t  gives in fo rm ation  about the 
response o f  the sensor to basic gases. I t  defines the upper and low er lim its  o f  
linearity  o f  response to headspace T V B -N , w ith  a 5 % degree o f  tolerance o f  
deviation o f  the sensor response curve from  the best-fit linear curve. A t these lim its , 
the sensor response was inferred from  Figure 4.7. The concentration o f  headspace 
T V B -N  at these lim its  was inferred from  Figure 4.8 and the data is summarised in 
Table 4.7.
L im it o f  
linearity
T im e
/hours
Sensor response 
/absorbance units
Average T V B -N  conc. per m l 
sample per 100 g fish  /  10‘5 M
Low er 19.5 0.0296 1.28
Upper 42.0 0.1449 8.75
Table 4.7: Summary of data at upper and lower limits of linearity. The time in hours data 
column refers only to cod at room temperature in these set of experiments.
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Hence, the sensor can give a linear response between 1.28 x 10'5 and 8.75 x 10'^ M  o f  
T V B -N , per m l o f  sample, per 100 g o f  fish tested. Beyond these regions, it may be 
also be possible to obtain reliable data. The data in Table 4.7 on ly  refers to cod 
stored at room temperature, and w ou ld  undoubtedly vary between species and 
storage conditions.
This is the firs t set o f  data that successfully demonstrates an early warn ing o f  fish 
spoilage by m onitoring  headspace T V B -N . The close correlation between the data 
sets clearly illustrates that the sensor can be used to in fer pseudomonas populations, 
w hich can, in turn, be used fo r she lf life  determ inations.
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4.4 C o n c lu s io n s
The data g iven here are the firs t set o f  results that show strong correlations between 
the response o f  a packaged headspace amine chem ical sensor, the headspace T V B -N  
levels released and the changes in  m icrob ia l populations during spoilage. The 
standard EU method fo r determ ination o f  T V B -N  levels was m od ified  to a llow  the 
determ ination o f  headspace T V B -N  levels released by a sample. The sensor response 
at any tim e during a spoilage experim ent can be used to  in fe r m icrob ia l populations, 
and hence give in fo rm ation  about the level o f  spoilage o f  a sample. A n  early warning 
w indow  o f  spoilage was revealed at ca. 10 hours before complete spoilage occurred 
fo r cod stored at room  temperature. The sensor responded from  ye llow  (no spoilage) 
to pale orange (early w arn ing o f  spoilage) to dark red to purple (sample fu lly  
spoiled). The length o f  tim e taken to reach these c ritica l levels is related to the age o f 
a sample and the storage regime used. The corre lation between the datasets was 
shown both g raph ica lly  and num erica lly, by comparison o f  the best-fit parameters o f  
the s igm oid functions that were m odelled to the data.
The outcome o f  these results is that a simple, easy to use sensor has been developed, 
that requires m in im a l tra in ing  fo r use. The m ain drawback o f  the system presented 
lies w ith  the instrum entation used. The im aging spectrograph (PARISS) system is a 
reference measurement system, essential to be used at this stage, but clearly 
unsuitable fo r use outside o f  the laboratory on real fish packaging. In  order to keep 
w ith  the general themes o f  sensor development, a simple co lour measurement system 
should be used, akin to a supermarket barcode scanner, to g ive a rapid analysis o f  the 
sensor colour, and hence relate th is in  real-tim e to the level o f  spoilage o f  a sample.
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5  D e v e l o p m e n t  o f  a  P o r t a b l e  H a n d h e l d  C o l o u r  
S c a n n e r  f o r  A n a l y s i s  o f  F i s h  S p o i l a g e  S e n s o r s
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5 .1  I n tr o d u c t io n
Results from Chapters 3 and 4 demonstrate that spectroscopic measurements (taken 
in reflectance mode) of pH-sensitive sensors, based on cresol red entrapped in a 
cellulose polymer matrix, can be used to monitor the changes in headspace TVB-N 
levels released by gradually spoiling fish samples. The imaging spectrograph 
(PARISS) system used offers tremendous potential to investigate the spectral 
features of the sensors. However, the system is not suited to in-situ analysis, since it 
is an expensive, laboratory-based reference measurement system that requires trained 
operators for use. One of the general trends in analytical sciences is in bringing the 
measurement to the point-of-need, and this trend is seen in many diverse areas from 
medical applications to water quality monitoring. From the perspective of packaged 
food monitoring, there is a general trend in monitoring samples from “harvest-to- 
home”. In principle, this allows full traceability of a package, which would allow a 
weak link in the distribution chain to be identified. A prerequisite in shifting the 
measurement from the laboratory to the point-of-need is to employ a simple 
measurement system that could be used by general technical staff. It was the aim of 
this final section of research to develop a portable, easy to use, robust, inexpensive 
handheld colour measurement device, henceforth termed the “scanner”.
The scanner measures the scattered diffuse reflectance from a surface. The device is 
comprised of 2 LEDs that illuminate a small surface area and a photodiode that 
measures the diffuse reflected light from the surface. The device is connected to a PC 
via a microcontroller box, and can readily acquire and record reflected light intensity 
information from a surface. In principle, as the cresol red sensors react with 
headspace TVB-N compounds and change colour from yellow (acidic form) to 
purple (basic form), the reflected light intensity will decrease, since the chosen LED 
emission maximum is fixed close to the Amax of the basic form of cresol red. 
Therefore, it is possible to correlate the measured light intensity (measured using the 
scanner) of sensors exposed to basic compounds in the headspace to the microbial 
populations of a sample, since this correlation was already established in chapter 4. A
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reflected lig h t in tensity threshold can thus be derived to distinguish samples that are 
not spoiled to those that are not suitable fo r human consumption. Before this can be 
done however, i t  is essential to establish, through a series o f  contro l experiments, the 
performance o f  the scanner fo r measuring co lour changes.
This chapter outlines the design and specifications o f  the scanner, and describes its 
operation in  detail. The experim ental approach taken was subdivided into three main 
areas. F irs tly , the operation o f  the scanner was characterised. The emission spectrum 
o f  the L E D  in  the scanner was compared to the spectral features o f  the cresol red 
sensors. The response o f  the scanner was characterised by measuring the reflected 
lig h t in tensity  o f  a series o f  cresol red standards, o f  increasing concentration, 
impregnated onto f i lte r  paper discs. A  study o f  the effect o f  the sensor thickness on 
the measured reflected ligh t in tensity was also investigated. Secondly, the response 
o f  the sensor dots to am m onia in headspace was calibrated, and the resultant colour 
changes were measured using the scanner. This a llow ed a d irect comparison o f  data 
from  the scanner to data from  the im aging spectrograph (PARISS) system used thus 
far. Th is ca libration a llow ed the sensor response, measured as a reflected ligh t 
in tensity, to be determ ined at the c ritica l points o f  spoilage, based on m icrob ia l 
populations determ ined previously (Chapter 4). F ina lly , the com bination o f  scanner 
and sensor was used w ith  real fish samples purchased from  a local supermarket, to 
test the operation o f  the scanner in  typ ica l storage conditions. The correlation 
between spoilage, as indicated by the sensor response, and the “ use-by”  dates printed 
on the package was investigated fo r a number o f  d iffe ren t species.
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5.2 In s tru m e n ta tio n
A s a result o f  a series o f  meetings w ith  W histonbrook Technologies, an electronics 
company specialising in  analytical measurements based at Lu ton  U n ive rs ity  in  the 
U K  [102], the scanner was designed and b u ilt to our specifications. The scanner was 
p r im a rily  designed fo r the task o f  measuring the reflected lig h t intensity o f  the fish 
spoilage sensor dots, although in  p rinc ip le  i t  can be used fo r  a w ide range o f  colour 
measurement applications. The generic features decided upon were to use LED s fo r 
illum ina tion  and a photodiode fo r detection. A l l  components were to be housed 
inside one single un it. W ide ranges o f  all o f  these components are available 
com m ercia lly, e.g. L E D  catalogues now  cover p ractica lly  a ll o f  the v is ib le  and part 
o f  the U V  spectra. The scanner should be small, sim ple to use and have the potential 
to be used fo r in -fie ld  analysis, i.e. away from  a PC or pow er source. Specifica lly  fo r 
this application, LE D s were chosen close to the A,max o f  the basic fo rm  o f  cresol red 
(573 nm ), and the measurement aperture approxim ate ly equals the diameter o f  a 
typ ica l sensor dot. A  schematic o f  the scanner is shown in  Figure 5.1.
The scanner was b u ilt around a hand-machined solid opaque plastic tube, 70 mm 
w id th , 20 mm  length, w ith  a 5 mm diameter hole at 90° to the end faces and tw o 
sm all diameter holes at 45° to the low er end face. A  photodiode (reverse bias pn 
ju n c tio n ) was positioned at the top end o f  the vertica l re la tive to the 90° hole, 50 mm 
from  the measurement area. Tw o 3 m m  diameter standard ye llow  LED s w ith  a A,max 
o f  570 nm  were positioned at the top o f  the 45° holes. These LED s were chosen 
because o f  the ir A,max value, the ir narrow  band emission, plus the small size o f  the 
LE D s ensured that a sm all scanner head was b u ilt to house them. The photodiode 
was a standard component, fitted  w ith  an IR  filte r, to reduce reflected lig h t intensity 
above ca. 800 nm. The diode can detect most v is ib le  wavelengths; therefore it is very 
sensitive to environm ental lig h t effects, e.g. daylight.
The inner surface o f  the plastic tube was coated w ith  a m att b lack fin ish , to reduce 
the amount o f  stray lig h t effects as lig h t propagates through the device, from  the
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LEDs to the measurement surface and reflected back to the photodiode. A  hollow  
tube o f  greater diameter was slipped over the solid tube to protect the LE D  and 
photodiode connections. A  printed c ircu it board was used to connect the leads and 
photodiodes to a connecting cable. A  c ircu it to p re-am plify  the signal and reduce 
electrical noise may be fitted to this c ircu it board. L ig h t from  the LEDs illum inates 
the measurement area (e.g. a sensor dot) at an angle o f  45°. The design is such that 
the ligh t from the two LEDs converges when placed in d irect contact w ith  a surface; 
hence this ensures m axim um  illum ina tion  in  the 5 mm  diameter measurement area. A  
photo o f  the scanner is shown in  Figure 5.2.
aparture
Figure 5.1: Schematic of scanner.
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Measurement 
aperture
F ig u r e  5 .2 : T h e  s c a n n e r  r e la t iv e  to  a  m a tc h s t ic k .  T h e  tu b e  is  70 m m  in  le n g th  a n d  20 m m  in  
w id th .  T h e  m e a s u re m e n t  a p e r t u r e  is  lo c a te d  a t  th e  b o tto m  o f  th e  s c a n n e r  (a s  in d ic a te d )  a n d  is  5 
m m  in  d ia m e te r .
Light scattered from a region of interest at 90° falls on the photodiode. Light 
scattered from the highly reflective surface of the sensor substrate is at 45° and is 
therefore not measured by the photodiode. The scanner is thus designed only to be 
used with a 90° angle of contact, in proximity to the measurement surface. The 
scanner only measures the scattered light from a surface that strikes the photodiode; 
some of the light intensity is lost in this process. The LED illumination is pulsed 3-4 
times per second to minimise noise from environmental light sources, which can be 
problematic to the measured signal. The scattered light intensity incident on the 
photodiode is measured when the LEDs are pulsed. Several readings are taken and 
averaged within one pulsing sequence. This average value is converted into a digital 
signal by a 10-bit A-D. The circuit also contains a digital filter to remove noise at 
mains frequency. Hence the software displays a value of the reflected light intensity 
in arbitrary units. A schematic of operation of the device is shown Figure 5.3.
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Figure 5.3: Schematic of reflected light intensity output from photodiode. The path the light 
takes from emission to detection is shown in dashed lines in the scanner head.
The device is connected to a PC v ia  a m icrocontro lle r box that communicates v ia  a 
standard serial port. The m icrocontro lle r box contains fully-addressable random 
access m em ory (R A M ), w h ich  allows data to be stored either in  the box fo r 
downloading to a PC at some future tim e ( i f  not connected to a PC), or to be saved in  
an Excel-com patib le fo rm at fo r post-run analysis. The electronic c ircu it, w h ich  
includes a 5 V  regulated power supply, can be mains or battery operated. A l l  o f  these 
features and the size o f  the device constitute a fu lly  portable device fo r  in -fie ld  
analysis.
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Custom ised softw are w ritten in V isual B asic displays the reflected  light intensity 
m easured by the photodiode in real-tim e. The value w hen the LED s are not pulsed,
i.e. the blank, is also captured. The softw are then subtracts the b lank  value from  the 
m easured value, to return a corrected value for the reflected  light intensity. The user 
can collect discrete values o f  the light intensity at required  tim es. F igure 5.4 shows a 
screen capture o f  the scanner softw are, w ith three key regions o f  interest labelled. 
The trace show n is a plot o f  reflected  light intensity as a function o f  time.
«I. Colouimeter H É 1 E 3
tools
value
Number
Colour 7 3  4  Blank Iq^ (C-B) 73.2 Trace exit
16/10/02 1 2:44:25
Colourm eter C P I
Whistonbiook 
T echnologies Limited
Figure 5.4: Screen capture of the supplied scanner software. The blue line is the measured 
reflected light intensity, and the green line is the background intensity. Three important regions 
have been identified in the data trace, A, B and C. Each of these regions are discussed in the 
text.
E ach o f  the three labelled  regions illustrate im portant features o f  the operation o f  the 
scanner and softw are, and are d iscussed in turn:
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•  R egion  A  is an area w here the scanner w as n o t in  d irect contact w ith any 
surface. C hanging the angle o f  contact and the d istance from  the surface 
in troduces noise into the system . This noise is expressed  sim ilarly in  the 
m easured  reflected  ligh t in tensity  and in the background  intensity , and is 
hence know n as com m on m ode noise. This enables the user to  d istinguish  a 
real m easurem ent from  noise.
•  T he feature at reg ion  B was observed  w hen the scanner w as p laced  in direct 
contact w ith  a strip o f  dark  yellow  coloured paper. T he com m on m ode noise 
from  reg ion  A  w as rep laced  by a  rise in  the m easured  reflected  light intensity 
that w as not seen in the background intensity; hence it is a real feature. The 
yellow  card, illum inated  by  a  yellow  LED , reflected  m uch  o f  the light 
in tensity  back to the detector, hence the corrected reflected  light in tensity  was 
a  h igh  value, ca. 460 units.
•  T he feature at reg ion  C w as observed w hen the scanner w as placed in direct 
contact w ith a strip o f  dark  pu rp le  coloured paper. T he paper absorbed m ost 
o f  the light in tensity , therefore the reflected  ligh t in tensity  is m uch low er than 
in  reg ion  B. A t reg ion  C, the m easu red  values w ere captured  by  the software, 
and  are d isplayed in the boxes at the top o f  the screen, labelled  as Colour, 
B lank  and (C -B ), i.e. C olour-B lank.
In  sum m ary, an  LED  and photodiode-based  scanner w as designed and built to  our 
specifications to m easure the diffuse scattered  light in tensity  from  a surface. This 
scanner w as thus used in  com bination  w ith the developed fish spoilage sensors to 
create a  user-friendly  and sim ple m ethod  o f  analysing the co lour o f  a sensor exposed 
to  spoilage volatile com pounds.
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5.3 E x p e r im e n ta l
5.3.1 Materials
A ll  chemicals and reagents used fo r sensor preparation were as previously described 
(Section 2.4.2). Sodium hydroxide and 1 cm diameter W hatm an f ilte r  paper were 
obtained from  S igm a-A ld rich  (D ub lin , Ire land). 10 m l H am ilton  gastight syringe was 
supplied by  Carl Stuart (D ub lin , Ireland).
5.3.2 Characterisation of scanner
5.3.2.1 Characterisation of LED emission spectrum
A n  emission spectrum o f  the ye llow  L E D  in  the scanner was captured using an 
Ocean Optics S2000 fib re -op tic  spectrometer (W P I L td ,, Hertfordshire , U K ). A  
comparison o f  the A,max o f  the L E D  and the A,max o f  the basic fo rm  o f  the cresol red 
dye was perform ed.
5.3.2.2 Calibration using cresol red standards
A  series o f  cresol red standards o f  increasing concentration at a fixed  pH  were 
prepared. 5 m l solutions o f  cresol red in  0.1 M  NaO H were prepared, ranging from  0 
to  0.075 m g/m l dye concentration. The NaO H was used to  ensure that the dye is kept 
in  its basic (purple-coloured) form . 100 p i o f  each so lu tion was transferred to a 96- 
w e ll plate and the absorbance at 573 nm was measured in  a p la te-w ell reader (M odel 
(i-Quant, supplied by M ed ica l Supply Company, D ub lin , Ire land) to produce a Beer’s 
p lo t fo r the dye. The ca lib ra tion  p lo t was prepared in  trip licate.
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25 (0,1 o f  each so lution was pipetted onto single units o f  1 cm diam eter Whatman 
filte r  paper. The excess was removed w ith  tissue paper and the colour o f  each 
impregnated wet f i lte r  paper disc was analysed by the scanner, on a white paper 
background. This procedure was repeated in  trip lica te  fo r each concentration o f  dye 
used, and the data obtained allowed a d irect comparison o f  data from  the scanner to 
the data from  the benchtop p la te-w ell reader instrument. The lig h t in tensity measured 
by the scanner decreases exponentia lly  w ith  increasing dye concentration. For 
comparative purposes, the in tensity data from  the scanner fo r each sample tested (I) 
was ratioed to the in tensity  data o f  a b lank (/„, no dye present) by the fo llow ing  
equation:
This is essentially the standard d e fin itio n  o f  absorbance [103], a lthough i t  should not 
be confused w ith  typ ica l transm ission readings. Instead, the difference in  the ratios is 
a measure o f  the decrease in  reflected lig h t in tensity  due to  absorbance o f  lig h t by the 
sample. A l l  data from  the scanner was treated w ith  Equation 5.1 to compare the 
output (Sout) to data collected using other systems.
5.3.2.3 Effect of sensor thickness on reflected light intensity
A  series o f  cresol red sensor dots o f  increasing thickness were prepared, using the 
optim ised fo rm u la tion  developed. This was achieved using a series o f  d ifferent 
amounts o f  small sticky-backed rings (reinforcem ent rings) on PET. 5 d iffe rent 
thicknesses were tested, viz. 1, 5, 10, 15 and 20 rings, each in  trip licate. The 
fo rm u la tion  was pipetted in to  the rings using a m icropipette, and was a llowed to dry 
overn ight in  a fume cupboard (F igure 5.5). The purpose o f  the rings ensures that the 
fo rm u la tion  can on ly  d ry  in  a confined area, and changing the number o f  rings on the 
PET offers a sim ple degree o f  contro l over the thickness o f  a spot produced.
Equation 5.1
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Figure 5.5: The test formulation was printed onto PET through different heights of rings, to 
create spots of different thicknesses.
The reflected  light intensity  was m easured  from  the surface o f  each spot as a function 
o f  th ickness using the scanner. The thickness was m easured using  a m icrom eter that 
can m easure thickness in 10 |j.m steps. This was achieved by rem oving the rings 
carefully  from  the PET, and m easuring the spot thickness on PET. The thickness o f  
the PE T  w as know n, and w as subtracted  from  all m easurem ents taken.
5.3.3 Calibration of sensor dots with scanner
C resol red  based pH  sensors w ere prepared as described in  Section  2.4.2. Section 
2.4.7 described how  the sensors w ere calibrated against am m onia in headspace using 
a 2-necked flask  w ith  a sensor incorporated into one o f  the necks. The same 
experim ental procedure was set up, and a sequential series o f  0.5 m l N H 3 gas 
sam ples w ere injected into the flask  via a rubber seal w ith  a 1 0  m l gas-tight syringe. 
T he in jected  gases w ere allow ed to  equilibrate w ith the sensor fo r 5 m in  by  stirring. 
The scanner w as attached in a fixed position  to the sensor surface using sticky tape 
(F igure 5.6), and the reflected  light intensity  o f  the sensors as a function o f  
headspace N H 3 concentration w as m easured and recorded by the scanner software.
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The ca libration procedure was repeated in  trip licate. The data were saved in  .dat 
form at fo r post-run analysis in  M ic roso ft Excel.
Scanner -
Cap with _ 
sensor
Headspace
ammonia
F ig u re  5.6: S e n so r  c a lib ra t io n  setup , w ith  s ca n n e r a t fixed  p osition  ab ove  sensor. A m m o n ia  w as 
in je c te d  th ro u g h  the ru b b e r  sep tum  using  a gas-tight syringe .
5.3.4 Testing sensors and scanner with real fish samples
A  series o f  fish samples were purchased at a local supermarket. These were a ll 
uncooked fille ts  that were sealed and packaged, w ith  “ sell-by”  and “ use-by”  dates, 
and were stored in  a supermarket fridge at the po in t o f  sale. They were packaged in  
very th in  polyethylene (c ling  film ), and a fresh fishy-type smell was clearly evident 
from  the samples at the tim e o f  purchase. Tw o batches o f  samples were purchased at 
d iffe ren t times. The firs t batch o f  samples were cod, kippers, plaice, smoked coley 
and w h iting . The kippers and smoked coley were selected to  show that the sensors do 
not respond to fish  that have been preserved by smoking. The second batch o f 
samples were cod, haddock and w h iting . The mass o f  a ll samples purchased was 
known.
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A  5 m m  d ia m e te r  h o le  w a s  p ie r c e d  th o r o u g h  th e  f i s h  p a c k a g in g  w ith  a  s te r ilis e d  
b la d e , a n d  a 15  m m  d ia m e te r  s e c t io n  o f  f i lte r  p a p e r  w a s  p la c e d  o v e r  th e  h o le . A  
s in g le  s e n s o r  o n  P E T  w a s  p la c e d  fa c e - d o w n  o n  th e  p a p e r  a n d  c o v e r e d  w ith  2 -3  sm a ll  
s e c t io n s  o f  s t ic k y  ta p e  to  in h ib it  a m in e s  e s c a p in g  to  th e  su r r o u n d in g  e n v ir o n m e n t  
(F ig u r e  5 .7 ) .  T h e  e d g e s  o f  th e  f i lte r  p a p e r  a n d  h o le  w e r e  a ls o  c o v e r e d  w ith  tap e . 
E n o u g h  ta p e  w a s  u s e d  s o  th e  i s s u e  o f  a m in e s  le a k in g  in to  th e  su rro u n d in g  
e n v ir o n m e n t  th r o u g h  th e  p ie r c e d  h o le  w a s  n o t  s ig n if ic a n t . A l l  s a m p le s  w e r e  s to red  
fo r  th e  d u ra tio n  o f  th e  s p o i la g e  e x p e r im e n ts  a t 4  °C  in  a  fr id g e , to  m im ic  ty p ic a l  
s to r a g e  c o n d it io n s . R e f le c t e d  lig h t  in te n s ity  r e a d in g s  w e r e  ta k e n  r e g u la r ly  w ith  th e  
sca n n er , b y  m o v in g  th e  sa m p le  m o m e n ta r ily  fr o m  th e  fr id g e  to  th e  P C  setu p  and  
m o n ito r in g  th e  s e n s o r  c h a n g e s . T h is  w a s  r e p e a te d  in  tr ip lic a te  fo r  th e  sa m e  se n so r  
( fo r  b a tc h  o n e )  a n d  fo r  th ree  d if fe r e n t  s e n s o r s  o n  th e  s a m e  p a c k  ( fo r  b a tc h  tw o ).  
A d d it io n a lly ,  th e  s e c o n d  b a tc h  o f  f is h  w a s  w r a p p e d  in  an  ex tra  2  la y e r s  o f  c l in g - f i lm ,  
to  fu r th er  in h ib it  th e  a m in e s  e s c a p in g  to  th e  e n v ir o n m e n t. T h is  c o m p le te ly  e lim in a te d  
th e  s m e l l  o f  a m in e s  fr o m  th e  f ish .
S e n s o r
Figure 5.7: Plaice sample at time zero (i.e. just purchased) with a cresol red sensor attached. 
Sample was purchased on 3rd September 02.
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5.4 R e su lts  a n d  d iscu ss io n
5.4.1 Characterisation of scanner
5.4.1.1 Characterisation of yellow LED
T h e  y e l l o w  L E D  sp e c tr u m  th at w a s  c o l l e c t e d  s h o w e d  a Àn1!lx at 5 7 0 .8 8  n m  (F ig u r e  
5 .8 ) .
W a v e le n g th  /nm
F ig u r e  5 .8 : E m is s io n  s p e c tru m  o f  y e llo w  L E D  in  h a n d h e ld  s c a n n e r  dev ice .
The width at half maximum is 38.06 nm. This is a narrow band LED that will reduce 
interference effects by only exciting specific wavelengths of interest. The LED 
spectrum was compared to the spectral data of the cresol red dye that was obtained in 
Section 2.4.7 from the imaging spectrograph (PARISS) system, where the sensor dot 
was calibrated against NH3 in headspace. The LED emission spectrum was 
normalised between the limits of the sensor response, i.e. between 0 and 0.1669 au,
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by d iv id ing  by the highest value, and m u ltip ly in g  a ll values by  0.1669. A n  overlay 
chart o f  the normalised datasets is presented in  Figure 5.9.
Wavelength /nm
F ig u re  5.9: O v e r la y  o f  n o rm a lise d  sp e ctra  fro m  the  y e llo w  L E D  a n d  the b as ic  fo rm  o f  th e  creso l 
re d  sensor dots.
There is an excellent overlay between the spectral emission o f  the ye llo w  L E D  and 
the spectral absorbance o f  the cresol red sensor dots. The LE D  w il l  excite the Xmax o f  
the basic fo rm  o f  the dye, to obtain reflected lig h t in tensity data from  the sensor dots. 
This demonstrates c learly that the LE D  and photodiode approach used in  the scanner 
has a strong a b ility  to detect colour changes in  the fish spoilage sensor.
5.4.1.2 Calibration using cresol red standards
The results obtained fo r the cresol red standard solutions in  the p la te -w e ll reader 
c learly show that Beer’ s Law  is obeyed (Figure 5.10). Excellent rep roduc ib ility  was 
obtained, w ith  an RSD o f  0.28 %.
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F ig ure  5.10: The absorbance (in transmission) of the dye at 573 nm as a function of 
concentration of the dye in free solution. The error bars (masked by symbols) are ± standard 
deviation, where n=3.
E a ch  s o lu t io n  w a s  im p r e g n a te d  o n to  a f i lte r  p a p er  d is c  an d  th e  r e f le c te d  lig h t  
in te n s ity  w a s  m e a s u r e d  b y  th e  sc a n n e r  d e v ic e  (F ig u r e  5 . 1 1 ) .  T h is  data  s h o w s  th a t th e  
w o r k in g  r a n g e  o f  th e  s c a n n e r /s e n s o r  d o t  c o m b in a t io n  is  b e tw e e n  ca . 6 8 0  to  ca . 15 0  
u n its . W h e n  th e  d y e  is  in  lo w  c o n c e n tr a t io n , m o s t  o f  th e  lig h t  in te n s ity  is  r e f le c te d  
b a ck  to  th e  p h o to d io d e . A s  th e  c o n c e n tr a t io n  o f  d y e  in c r e a s e s , le s s  lig h t is  r e f le c te d  
s in c e  m o r e  lig h t is a b so r b e d  b y  th e  d is c s ;  h e n c e , th e  in te n s ity  v a lu e s  d e c r e a s e  w ith  
in c r e a s in g  d y e  c o n c e n tr a t io n .
174
800.0
Cone /mg/ml
F ig u re  5.11: T h e  re fle c ted  lig h t in ten s ity  o f  the  im p re g n a te d  d ye  d iscs as a fu n c tio n  o f 
c o n ce n tra t io n  o f  the  d ye . T h e  e r ro r  b a rs  (m a s k e d  b y  s ym b o ls ) a re  ± s ta n d a rd  d e v ia t io n , w h e re  
n=3.
The data in  F igure 5.11 was transformed using Equation 5.1 in to  values analogous to 
regular absorbances. A  straight line was obtained w ith in  the range 0 to 0.075 m g/m l 
(F igure 5.12), w h ich  indicates c learly  that the scanner is able to distinguish each o f  
these dye concentrations, and is obeying Beer’ s Law , s im ila r to the results from  the 
p la te-w e ll reader (F igure 5.10). Both  sets o f  data are linear w ith in  the same 
concentration range. The average RSD was 2.36 %. This is h igher than the value fo r 
the p la te -w e ll reader, but there are extra experim ental steps invo lved that w ou ld  
introduce th is error.
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F ig u re  5.12: T h e  re fle c te d  lig h t in te n s ity  o f  the  im p reg n a te d  d ye  d iscs as a fu n c tio n  o f  
c o n ce n tra t io n  o f  the  dye , a f te r  d a ta - tra n s fo rm a tio n  u sing  E q u a t io n  5.1. T h e  e r ro r  b a rs  (m ask ed  
by  sym b o ls ) a re  ±  s ta n d a rd  d e v ia t io n , w h e re  n=3. I „  w a s  a d isc  im p re g n a ted  w ith  w a te r  (n o  dye ).
The outcome o f  these results is that the scanner is capable o f  measuring spectral 
changes in  the basic fo rm  o f  cresol red, and returns a Beer’s p lo t as a function  o f  the 
dye concentration. The scanner is not restricted to measuring cresol red, and w ou ld  in 
fact w o rk  w e ll fo r  any dye that has a A,max in  the region o f  ca. 555 -  595 nm. This is a 
common wavelength range fo r the basic fo rm  o f  many pH  ind ica tor dyes, e.g. 
bromocresol purple, brom othym ol blue and brom ophenol blue (Section 1.3.2.2), the 
form er tw o having been used in  sensors fo r ammonia and amines (Section 1.5.4.1).
5.4.1.3 Effect of thickness on the reflected light intensity
3 dots were produced at each o f  5 thickness tested, ranging from  100 |i.m to 625 |lm  
(measured using a m icrom eter). The reflected lig h t in tensity  at each thickness was 
measured using the scanner. A  fu ll trace o f  the reflected lig h t in tensity as a function 
o f  thickness fo r one o f  the sensors tested is shown in  Figure 5.13.
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F ig u r e  5 .13 : P lo t  o f  re fle c ted  lig h t in te n s ity , m e a su red  w ith  the  scan n e r , as  a fu n c tio n  o f  sensor 
th ickn e ss . T h e  l im it in g  th ick n e ss  is c le a r ly  a ro u n d  500 |im .
E ach  s e n s o r  w a s  p r o d u c e d  in  tr ip lic a te , a n d  th e  a v e r a g e  r e f le c te d  lig h t  in te n s ity  a s  a 
fu n c t io n  o f  s e n s o r  th ic k n e s s  is  s h o w n  in  F ig u r e  5 . 1 4 .
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F ig u r e  5 .14: P lo t  o f  the  ch an g e  in  re fle c te d  l ig h t  in ten s ity  as a fu n c tio n  o f  sensor th ickn ess . T h e  
e r r o r  b a rs  a re  ± s ta n d a rd  d e v ia t io n , w h e re  n=3.
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T h e  R S D  fo r  a ll  5 th ic k n e s s  v a lu e s  te s te d  w a s  le s s  th a n  3 % . T h e  o v e r a ll  tren d  s e e n  
in  F ig u r e  5 . 1 4  c a n  b e  e x p la in e d  in  term s o f  th e  p a th  th a t th e  l ig h t  ta k e s  fr o m  th e  L E D  
to  th e  p h o to d io d e . F ig u r e  5 . 1 5  s h o w s  th e  p a th  ta k e n  b y  l ig h t  fr o m  th e  L E D s , th ro u g h  
th e  s e n s o r  d o t, a n d  r e f le c te d  fro m  th e  P E T  b a c k  to  th e  p h o to d io d e .
«-------Photodiode
LED
Sensor Substrate
F ig u re  5.15: T h e  p a th  th a t  lig h t takes fro m  the L E D ,  th ro u g h  th e  sensor dot, re flec ted  fro m  the 
sub stra te  onto the  photod iode. T h e  d ia g ra m  is not d ra w n  to scale.
T h ree  k e y  r e g io n s  are la b e l le d  in  F ig u re  5 . 1 5 .  A t  r e g io n  A , th e  lig h t  p a s s e s  fro m  the  
L E D  to  th e  r e g io n  o f  in te re st . T h e  b la c k  c o a t in g  w ith in  th e  tu b e  m in im is e s  lig h t  
e f f e c t s  a s  th e  l ig h t  p r o p a g a te s  to  th e  se n so r  d ot. T h e  L E D s  sh o u ld  b e  a s  c lo s e  to  the  
su r fa ce  a s  p o s s ib le ,  to  r e d u c e  a n y  stra y  lig h t  lo s t  to  th e  e n v ir o n m e n t. T h e  d e v ic e  w a s  
h a n d -m a c h in e d , so  th ere  w a s  a lim it  o n  th e  d is ta n c e  th a t c o u ld  b e  u se d .
A t  r e g io n  B , th e  lig h t  p a s s e s  th ro u g h  th e  d o t an d  is  r e f le c te d  fr o m  th e  P E T  su b stra te . 
T h e  lig h t  fr o m  th e  L E D s  is  stro n g  e n o u g h  to  p en e tra te  th r o u g h  th e  se n so r , a n d  th e  
l ig h t  is  r e f le c te d  fr o m  th e  P E T  a lo n g  r e g io n  C  to  th e  p h o to d io d e . R e g io n  B  o b e y s  
B e e r ’s L a w . C h a n g in g  th e  th ic k n e s s  o f  th e  d o t a lters  th e  l ig h t  p a th  le n g th , 1. A s  th e  
d o t b e c o m e s  th ic k e r , le s s  l ig h t  is  r e f le c te d  b a c k  to  th e  p h o to d io d e , s in c e  m o r e  lig h t  
in tera c ts  w ith  th e  s e n s o r  d o t. W h e n  th e  d o t  b e c o m e s  to o  th ic k , th e  l ig h t  fro m  th e  
L E D s  w i l l  n o t  b e  a b le  to  p en etra te  to  th e  P E T ; h e n c e , th e  m a jo r ity  o f  th e  r e f le c te d
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l ig h t  c o m e s  fr o m  w ith in  th e  s e n s o r  d o t  (F ig u r e  5 . 1 6 ) .  T h is  is  a  l im it in g  th ic k n e s s , an d  
p rep a r in g  d o ts  th ic k e r  th a n  th is  h a s  n o  e f f e c t  o n  th e  a m o u n t o f  l ig h t  r e f le c te d .
Figure 5.16: A thicker dot results in no light penetrating to the PET substrate. This defines a 
limiting thickness, beyond which, the reflected light intensity does not change. The diagram is 
not drawn to scale.
F r o m  F ig u r e  5 . 1 4 ,  th e  fo l lo w in g  e f f e c t s  are n o tic e d :
•  T h e  m a n u a l s e n s o r  p r o d u c t io n  p r o c e s s  u s e d  w o r k s  w e l l  fo r  p r o d u c in g  se n s o r s  
o f  v a r y in g  th ic k n e s s ,  a s  e v id e n c e d  b y  th e  lo w  R S D  v a lu e .
•  A s  th e  s e n s o r  b e c o m e s  th ic k e r , th e  r e f le c te d  l ig h t  in te n s ity  d e c r e a s e s . T h is  
o c c u r s  s in c e  m o r e  l ig h t  is  in te r a c tin g  w ith  th e  s e n s o r  (a s  it  is  th ic k e r )  an d  le s s  
l ig h t  is  b e in g  r e f le c te d  fr o m  th e  P E T  su b stra te .
•  T h e r e  i s  a n  in v e r s e  lin e a r  r e la t io n sh ip  b e tw e e n  th e  th ic k n e s s  o f  th e  s e n s o r  an d  
th e  r e f le c te d  l ig h t  in te n s ity .
•  T h is  r e la t io n s h ip  d o e s n ’t h o ld  fo r  a ll th ic k n e s s  v a lu e s .  T h e  l im it in g  th ic k n e s s  
is  ca . 5 0 0  pim. A t  v a lu e s  g rea ter  th a n  th is  th ic k n e s s , th e  v a s t  m a jo r ity  o f  th e  
l ig h t  is  r e f le c te d  fro m  w ith in  th e  s e n s o r  d o t, a n d  h e n c e  th e  th ic k n e s s  
e s s e n t ia l ly  b e c o m e s  in d e p e n d e n t  o f  th e  m e a s u r e m e n t  o f  th e  r e f le c te d  lig h t  
in te n s ity .
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•  The thickness o f  the sensor dot has a m ajor e ffect on the value o f  the reflected 
lig h t in tensity. Changing the thickness from  100-500 |im  causes a decrease in  
the reflected lig h t in tensity o f  ca. 140 units (>  30 % fu ll scale operation).
I t  is not possible to coat sensors much th inner than ca. 100 |um using the developed 
hand-coating technique. In  princ ip le , however, as the sensor dots become less th ick, 
more lig h t w i l l  re flec t from  the substrate. However, a th inner f i lm  has less dye 
present, and i t  may be d if f ic u lt  to measure the co lour changes o f  the sensor using the 
scanner. There are a number o f  ways around this. One sim ple solution is to increase 
the amount o f  dye present; this w ou ld  alter the sensitiv ity  o f  the sensor response 
however. A nother solution is to m o d ify  the design o f  the scanner. A  16-bit 
photodiode could be used in  place o f  the 10-bit photodiode, w h ich  w ou ld  give h igher 
signal resolution. The device could also be machined more carefu lly, w ith  a 
reduction in the distance that ligh t from  the LED s has to travel. Another approach 
that could be taken is to include an internal re flec to r in  the sensor form ulation. These 
are typ ica lly  powders that can be ground fine ly , and m ay be added to the bu lk  
solution. B arium  sulphide and titan ium  d ioxide are com m on examples [104], Add ing  
an internal re flec to r essentially returns a ll the lig h t from  the LED s to the photodiode 
when the lig h t interacts w ith  the reflector. The reflected lig h t in tensity o f  the sensor 
dots becomes independent o f  thickness.
I t  is im portant from  the perspective o f  sensor design to know  the lim itin g  thickness. 
I f  sensors are to be prin ted onto com m ercial packages, the num ber o f  false positives 
needs to be kept to an absolute m in im um . Otherwise, batches o f  acceptable samples 
could be considered to have spoiled. Sensors should be produced at thicknesses 
greater than 500 fim  to ensure that values returned by the sensor are not affected by 
sensor thickness. A no the r approach that is being considered is to alter the brightness 
o f  the LED s by  changing the current that powers them. A  reduction in  L E D  intensity 
w i l l  mean that the lig h t w i l l  not penetrate as deeply in to  the sensor. The lim itin g  
thickness could thus be made greater o r smaller by altering the L E D  intensity. In  
summary, the scanner should operate at a greater value than the lim itin g  thickness, 
since this removes any varia tion  in  the measurement due to sensor thickness.
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5.4.2 Calibration of sensors with scanner device
The reflected light intensity of the sensors as a function of headspace NH 3 
concentration was measured in triplicate using the scanner. Equation 5.1 was used to 
ratio the reflected intensity values of a sample injection (I) to the reflected intensity 
value of a blank, i.e. the reflected light intensity when no N H 3  was injected (70). A 
best-fit sigmoid function was fitted to the data using Solver in Microsoft Excel 
(Figure 5.17), and was similar to the curve that was obtained from the imaging 
spectrograph.
Headspace ammonia concentration /ppm
Figure 5.17: The reflected light intensity of the cresol red based pH sensors measured using the 
scanner as a function of the concentration of NH3 in the headspace. The error bars are + 
standard deviation, where n=3. The SSR of the best-fit curve is 0.0016. An insert of the best-fit 
curve obtained using the PARISS imaging spectrograph system for the same experimental setup 
is shown.
The clear similarities between the datasets can be further seen in Table 5.1, where a 
comparison of values from each best-fit curve is shown. The upper and lower limits 
of linearity were defined as outside a 5 % tolerance from the best-fit equation for the 
linear data subset (Figure 5.18). The lower limit of detection of the sensors to NH 3
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was defined as three times the standard deviation of the baseline (LOD = 3o). There 
is a clear comparison to be drawn between the two datasets. This demonstrates that 
the scanner can be used instead of the PARIS S imaging spectrograph system to 
determine the reflected light intensity of the sensors.
Headspace ammonia concentration /ppm
Figure 5.18: The reflected light intensity of the cresol red based pH sensors measured using the 
scanner as a function of the concentration of NH3 in the headspace. The error bars are ± 
standard deviation, where n=3. The upper and lower limits of linearity were defined as outside 
the 5 % tolerance of deviation from the best-fit linear equation shown.
Parameter PARISS Scanner % Difference
Mid-point of sigmoid curve /ppm 5.86 5.91 0.853
Upper limit of linearity /ppm 8.95 8.90 0.559
Lower limit of linearity /ppm 3.65 3.65 0 .0 0 0
Lower LOD /ppm 0.35 0.60 71.429
Average RSD 6.45 % 4.07 % -
Table 5.1: Comparison of best-fit values obtained from the cresol red sensors to headspace NH3, 
analysed using both the PARISS system and the handheld scanner device.
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The outcome o f  these results means that a very simple to use and inexpensive 
handheld portable co lour scanner can be used instead o f  a laboratory-based reference 
measurement system to determine the reflected lig h t in tensity o f  the developed 
sensors. This has a clear attractiveness from  both a research and com m ercial po in t o f  
v iew , and aids the development o f  a fish  spoilage sensor system immensely. I t  also 
has im plications on other research that is based on colour in tensity measurements, 
and should be incorporated into other projects that m ay or m ay not be related to the 
m ain theme o f  this thesis.
5.4.3 Relationship o f scanner to threshold o f spoilage
In  Chapter 4, the lin k  between the m ic rob ia l populations o f  a sample and the sensor 
response was established. The response o f  the sensor at tw o critica l regions was 
identified ; one where the sample was beginn ing to spoil, i.e. an early warning o f  
spoilage, and the second where the sample was fu lly  spoiled and unsuitable fo r 
human consumption. C a lib ra ting  the sensor dots against N H 3 in  headspace, and 
m onito ring  the resultant changes using both the PARISS im aging spectrograph 
system and the scanner helped determ ine the reflected lig h t in tensity at the thresholds 
o f  spoilage.
The threshold values measured by the PARISS system from  the m icrob ia l population 
study o f  cod were 0.0296 au and 0.0835 au at the early warning o f  spoilage and at a 
fu lly  spoiled level respectively. These values were placed in to  the best-fit curve fitted  
to the PARISS system data shown in  Figure 5.17, to determine the concentrations o f 
N H 3 in  headspace that were required in  order to generate an equivalent sensor 
response. The spectral values obtained at the po in t o f  spoilage a llowed the colour o f  
the sensors measured as reflected lig h t in tensity at these c ritica l regions to be 
identified :
•  The early w arn ing o f  spoilage occurs where absorbance at 573 nm  is 0.0296 
au. The same approximate absorbance (0.0302 au) was seen in the PARISS
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sy s tem  ca lib ra tio n  a t 3 .6  p p m  h e a d sp a c e  N H 3 ex p o su re . T h e  c o lo u r a t th is 
sam e  reg io n , m easu red  as a re fle c ted  in te n s ity  b y  the  scan n er, is  0 . 1 0 1 1  (log  
v a lu e ). F ro m  E q u a tio n  5 .1 , th e  re f le c te d  lig h t in ten s ity  a t th is  re g io n  is 4 7 6  ±
19.4 b its , w h e re  n= 3 . V isu a lly , th e  dye  is  o ran g e  at th is  p o in t.
•  W h e n  th e  sam p le  has b e c o m e  fu lly  sp o iled , th e  ab so rb an ce  a t 573 n m  is 
0 .0 8 3 5  au. T h e  sam e a p p ro x im a te  a b so rb an ce  (0 .0 8 2 6  au) is seen  from  the  
P A R IS S  sy s tem  ca lib ra tio n  a t 5 .7  p p m  h ead sp a c e  N H 3 ex p o su re . T h e  co lo u r 
a t th is  sam e reg io n , m e a su re d  as a re fle c ted  in ten sity  b y  the  scan n er, is 
0 .2 7 8 2  (log  v a lu e ). F ro m  E q u a tio n  5 .1 , th e  re flec ted  lig h t in ten sity  at th is  
re g io n  is 317  ±  12.9 b its , w h e re  n = 3 . V isu a lly , the  d y e  is lig h t p u rp le  at th is  
p o in t.
T h is  d a ta  is  su m m a rise d  in  T ab le  5.2.
A n a ly s is  m e th o d E arly  w a rn in g  o f  sp o ilag e S am p le  is fu lly  spo iled
P A R IS S  /a u  
S c a n n e r /b it  n u m b ers  
V isu a l In sp ec tio n
0 .0 2 9 6  
4 7 6  ±  19 .4  
L ig h t o ran g e
0 .0835  
3 1 7 ±  12.9 
L ig h t O ran g e  - P u rp le
T a b le  5.2: R e fle c te d  lig h t  in ten s ity  a t the  th re sh o ld s  o f  spo ilage.
H e n c e , th ree  reg io n s o f  in te re s t h a v e  b e e n  id en tified . W h en  th e  scan n e r o u tp u t is 
g re a te r  th an  ca. 4 7 6  b its , the  sam p le  h as  n o t y e t b eg u n  to  spo il, and  is fine  fo r  
co n su m p tio n . W h en  th e  scan n e r re a d in g  is b e tw e e n  ca. 476  an d  ca. 317 b its , the  fish  
sam p le  is n o t y e t fu lly  sp o iled , b u t sh o u ld  be  flag g ed  fo r  q u ic k  sa le  o r  co n su m p tio n . 
F in a lly , w h e n  th e  sc a n n e r re a d in g  is  le ss  th a n  ca. 317  b its , th e  sam p le  shou ld  no  
lo n g e r  be  co n su m ed . T h is  in fo rm a tio n  is sh o w n  g rap h ica lly  in  F ig u re  5 .19.
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F ig u re  5.19: T h e  re la t io n sh ip  betw een  the  senso r response, m easu red  as a re flec ted  in ten s ity  b y  
th e  scan n e r , an d  the  m ic ro b ia l p o p u la tio ns  fro m  Sec t io n  4.3.5. T h e  sensor co lo u r  a t  each  o f  the  
lim its  is sh o w n  a p p ro x im a te ly  b y  the  co lo u r o f  the  text, a n d  b y  the in se t p h o to g rap hs .
T h ese  th re e  reg io n s  co u ld  ea s ily  b e  ex p re sse d  as a w a rn in g  sy stem  b ased  o n  red, 
a m b e r a n d  g re e n  co lo u red  ligh ts , e ith e r  in  so ftw are  o r  L E D s b u ilt  in to  th e  hardw are . 
T h e  g re e n  lig h t (v a lu e  >  4 7 6  b its) te lls  th e  u se r  th e  sam p le  is  fm e, th e  am b er lig h t 
(476  b its  >  v a lu e  > 3 1 7  b its) te lls  th e  u s e r  to  q u ick ly  se ll o r  co n su m e th e  p ro d u c t, and  
th e  red  lig h t (v a lu e  < 3 1 7  b its)  te lls  th e  u se r  to  d isp o se  o f  th e  sam ple , as i t  sh o u ld  no t 
b e  c o n su m e d  o r so ld . H en ce , it is p o ss ib le  to  re la te  the  c o lo u r o f  a  p a c k a g e d  sensor, 
th e  co lo u r o f  w h ic h  is  d e te rm in ed  b y  th e  scan n er, to  m ic ro b ia l p o p u la tio n s  a n d  hen ce  
to  the sp o ilag e  lev e l o f  a sam ple.
5.4.4 Testing sensors and scanner with real fish samples
T h e  resu lts  o b ta in e d  in  th is  sec tio n  a re  sp lit in to  tw o  su b -sec tio n s fo r  c la rity , as there  
w e re  so m e  co n ce rn s  w ith  th e  re su lts  o b ta in e d  fo r  th e  firs t b a tc h  o f  sam p les  te s ted  th a t 
w ere  re so lv e d  fo r  th e  seco n d  b a tc h  o f  sam p les  tested .
185
5.4.4.1 First batch of samples tested
T h ere  w as  a c lea r issu e  d u rin g  th e  sp o ilag e  e x p e rim e n t o f  th e  firs t b a tch  o f  sam p les  
te s te d  th a t am in es w ere  leak in g  in to  th e  su rro u n d in g  en v iro n m en t. N o x io u s  odours 
w e re  re a d ily  d e tec tab le , an d  th e  se n so r  re sp o n se  to  th e  sam p les  w a s  p o o r. I f  the  
p a c k a g in g  is n o t sea led  c o rre c tly  an d  a m in es  are  e sc a p in g  to  th e  en v iro n m en t, th en  
th e  sen so rs  can n o t g iv e  a re p re se n ta tiv e  p ic tu re  o f  th e  d eg ree  o f  sp o ilag e  o f  a sam ple , 
s in ce  the se n so r do es n o t re a c t w ith  a ll th e  a m in es  re lea sed . T h is is a c lea r  issue  th a t 
n e e d s  to  be  ad d re ssed  b e fo re  sen so rs  are  p r in te d  o n to  co m m erc ia l fish  p ack ag in g ; the  
p a c k a g in g  n eed s  to  be  g a s-tig h t to  en su re  su c c e ss fu l re a c tio n  o f  a ll am in es re lea sed  
w ith  th e  senso r. A n o th e r  se n so r th a t can  be  p la c e d  a lo n g s id e  th e  fish  sp o ilag e  sen so r 
th a t d e tec ts  i f  a  p ack ag e  h a s  ru p tu re d  c o u ld  b e  b e n e fic ia l in  th is  area .
N ev e rth e le ss , so m e w o rth w h ile  re su lts  w e re  o b ta in ed  from  th is  se t o f  ex p erim en ts . 
F ig u re  5 .20  sh ow s th a t th e  sen so rs  m o n ito r in g  th e  sm o k ed  co ley  and  k ip p e r  sam ples 
d id  n o t re sp o n d  o v e r th e  1 6 0 -h o u r tim e  p e rio d  o f  spo ilag e . C o n sid e rin g  th a t th is  is 
ca. 90  h o u rs  a fte r the  u se -b y  d a te  o n  th e  p ack ag e , i t  v e rif ie s  th a t the sen so r d o e sn ’t 
re sp o n d  to  sm o k ed  fish .
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F ig u r e  5 .20: T h e  response  o f  the  sensors m o n ito r in g  tw o  sm o k e d  fish  sam p les  m easu red  using  
the  sca n n e r . T h e  e r r o r  b a rs  a re  ± s ta n d a rd  d e v ia t io n , w h e re  n=3 (m ask e d  b y  sym bo ls ). C le a r ly  
n e ith e r  fish  sam p le  causes a s ig n if ic a n t  senso r response.
T h e  se n so r re sp o n se  fo r the  re m a in in g  th ree  fish  sa m p le s  is sh o w n  in F igure  5 .2 1. 
T h e  d ash ed  lines, fo r v isu a l a id  o n ly , sho w  th a t the  sen so rs  a re  resp o n d in g  m uch la ter 
than  ex p ec ted . F rom  th e  b eg in n in g  o f  the ex p e rim en ta l p ro c e d u re , there  w as a c lear 
sm ell o f  am in es  th a t b ecam e  s tro n g e r  o v e r tim e , and  th is  is u n accep tab le  from  an 
ex p e rim en ta l po in t o f  v iew . F ig u re  5 .22  sh o w s th e  c o lo u r  o f  the  sen so r m o n ito rin g  
the p la ice  sam p le  a fte r  16 0  h o u rs , w h ich  fu rth e r d e m o n s tra te s  that the am in es leaked 
to  the e n v iro n m en t, s in ce  the se n so r shou ld  by th is  tim e  h av e  ch an g ed  in co lo u r (as 
d esc rib ed  in F igure  5 .19).
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F ig u re  5.21: T h e  response  o f  the  sensors m o n ito r in g  th re e  f ish  sam p les m easu red  u s ing  the 
h an d h e ld  sc a n n e r dev ice . T h e  e r ro r  b a rs  a re  ± s tan d a rd  d e v ia t io n , w h e re  n=3. T h e  dashed  lines 
a re  fo r  v isu a l a id  o n ly .
S e n s o r
F ig u re  5.22: T h e  p la ice  f il le t  w ith  sensor a f te r  160 h o u rs  has c le a r ly  n o t reac ted  w e ll w ith  the 
am ines  re leased  fro n t the  sp o ilin g  sam p le . A t  th is  stage o f  the  ex p e r im en t, th e re  w as  w a te r  be ing  
re leased  fro m  the f is h  sam p le  in to  the  p a ck a g in g  e n v iro n m e n t a n d  a nox ious sm ell o f  am ines, i.e. 
the  sam p le  has c le a r ly  spo iled . C o m p a re d  to F ig u re  5.7, the  sam p le  is d a rk e r  in  co lo u r, a lthough  
the  sensor dot is th e  sam e co lo u r.
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5.4A.2 Second batch of samples tested
T h e  issu e  o f  leak in g  am in es w as re so lv e d  h ere  b y  sim p ly  c o v e rin g  e a c h  fish  sam ple  
w ith  ex tra  ro lls  o f  c lin g  film .
F ig u re  5.23: T h e  sensors m o n ito r in g  the  w h it in g  sam p les a t  t im e  ze ro  a n d  t im e  60 h ours . A t  
tim e  zero , the  sensors a re  y e llo w , an d  a f te r  60 h o u rs  a t 4 °C ,  the  sensors a re  d a rk  red , in d ica t in g  
th a t  th e  sam p les h av e  spo iled .
F ig u re  5 .23 sh o w s th e  th re e  sen so rs  th a t w ere  u se d  o n  th e  w h itin g  f ille ts  a t tim e  zero  
a n d  a fte r  60  h o u rs  o f  re fr ig e ra te d  sto rage . T here  w as no  d isce rn ab le  sm ell o f  am ines 
d u rin g  th e  ex p e rim en ta l tim efram e , an d  th e  sen so r p e rfo rm a n c e  is  c lea rly  m u ch  
b e tte r  th an  in  the p rev io u s  sec tion .
T h e  re su lts  from  th e  c o d  sam p le s  te s ted  a re  sh o w n  in  F ig u re  5 .24 . T h e  reg io n s o f  
ea rly  w a rn in g  o f  sp o ilag e  (re g io n  “ a”)  and  fu lly  sp o iled  (reg io n  “b ”) a re  c learly  
m ark ed , a n d  co rre la te  to  th e  “u se -b y ” da te  p rin ted  o n  th e  p ack ag in g .
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F ig u r e  5.24: T h e  response o f the sensors m o n ito r in g  th re e  cod  sam p les  m easu red  u sing  the  
h a n d h e ld  s c a n n e r  dev ice . T h e  e r ro r  b a rs  a re  ± s ta n d a rd  d ev ia t io n , w h e re  n=3. T h e  S S R  o f  the  
best-fit c u rv e  is 0.0188, a n d  the  m id -p o in t o f  th e  in f le c tio n  on the  r ise  is 65.15 h o u rs . T h e  tw o  
reg io n s  o f  spo ilage  ( “ a ”  a n d  “ b ” )  c le a r ly  fa ll in to  the use-by d a te  reg io n  p r in te d  on the  
p ack ag in g .
T h e se  re su lts  are ex trem e ly  p o s itiv e . T h e y  sh o w , fo r  th e  firs t tim e , th a t th e  scan n er 
u sed  in  c o m b in a tio n  w ith  the  c re so l red  b ased  sen so rs  can  accu ra te ly  d e te rm in e  the  
p o in t o f  sp o ilage . R a th e r th an  th is  b e in g  a la rg e  w in d o w  (i.e. 4 8 -7 2  h o u rs  from  th e  
tim e  o f  p u rc h a se ) , it is p in p o in te d  m u ch  m o re  p rec ise ly .
T h e  c o rre la tio n  in  C h a p te r  4  b e tw e e n  th e  m ic ro b ia l p o p u la tio n s  o f  a sam p le  and  th e  
se n so r  re sp o n se , w h ic h  a llo w ed  th e  lin k  to  be  in fe rred  u s in g  the  scan n er, w as o n ly  
e s ta b lish e d  fo r  th e  co d  species. A c c o rd in g  to  S ec tio n  1.5.3, th e  ra tio s  o f  am in es 
c o m p ris in g  T V B -N  a re  sp ec ies  d ep e n d a n t an d  a p p ea r n o t to  re la te  to  the  ty p e  o f  
m ic ro o rg a n ism s  th a t cau se  sp o ilag e . H en ce , th e  se n so r  re sp o n se  a t the th resh o ld  o f  
sp o ilag e  co u ld  ch an g e  fo r d iffe ren t spec ies . A c co rd in g ly , th e  sen so r shou ld  in  
p rin c ip le  be  re c a lib ra te d  fo r  each  an d  ev e ry  sp ec ies  o f  in te rest. T h ere  are ad v an tag es
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an d  d isa d v a n ta g e s  to  th is . C lea rly  it  is la b o rio u s  an d  req u ires  m u c h  ro u tin e  w o rk  to  
b u ild  u p  a  lib ra ry  o f  ca lib ra tio n s, h o w e v e r  o n  the  p lu s  side , th e  u s e r  en d s u p  w ith  a 
se n so r th a t c a n  p o te n tia lly  be  u se d  fo r  m a n y  d iffe re n t sp ec ies  o f  in te rest.
T h e  re su lts  fro m  th e  h ad d o ck  sam p les  te s te d  a re  sh o w n  in  F ig u re  5 .25 . N o  m ic ro b ia l 
an a ly s is  o f  h a d d o c k  w as  p e rfo rm e d  b u t, as a  w h ite  fish  s im ila r  in  ap p ea ran ce  and  
p h y s ica l c o n s titu tio n  to  co d  [105], it w as  lik e ly  th a t th e  sen so r w o u ld  re sp o n d  w ell to 
th is  fish . T h e  re g io n s  o f  sp o ilag e  a g a in  fa ll in s id e  th e  u se -b y  d a te  w in d o w . T h e  v alue  
fo r the  m id -p o in t o f  the  in fle c tio n  fo r  h a d d o c k , co m p ared  to  cod , su g g ests  th a t b o th  
sets o f  sa m p le s  sp o iled  v e ry  sim ilarly .
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F ig u r e  5.25: T h e  response o f  the  sensors m o n ito r in g  th ree  h ad d o ck  sam p les  m easu red  using  the 
h a n d h e ld  s c a n n e r  d ev ice . T h e  e r r o r  b a rs  a re  ± s ta n d a rd  d ev ia t io n , w h e re  n=3. T h e  S S R  o f  the 
best-fit c u rv e  is 0.0026, an d  the  m id -p o in t o f  the  in f le c tio n  on the  r is e  is 66.36 h o u rs . O n ce  ag a in , 
the  tw o  re g io n s  o f  spo ilage  ( “ a ”  an d  “ b ” )  c le a r ly  f a ll  in to  the  use-by d a te  re g io n  p r in ted  on the 
p ack ag in g .
T he re su lts  from  the  w h itin g  sam p les  are  sh o w n  in  F ig u re  5 .26 . T h e  re lease  o f  
am in es fro m  w h itin g  o ccu rs  a t a fa s te r  ra te  th a n  cod  [82], an d  th is  ex p la in s  the  fa s te r 
rise  o f  th e  b e s t- f it  s ig m o id  cu rve . T h e  m id -p o in t o f  in flec tio n  on  th e  r ise  w as ca. 10
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h o u rs  e a r lie r  th an  fo r  the  cod  o r  h a d d o c k  sam p les . T h ese  da ta  h ig h lig h t th a t the  
sen so r n e e d s  to  be re -ca lib ra ted  fo r  e a c h  sp ec ie s  o f  in te rest, i f  th e se  sp ec ies  re lease  
am in es a t a d iffe ren t ra te  th an  cod. H o w e v e r, ev en  fo r  a sp ec ies  th a t re le a se s  am in es 
m u c h  fa s te r  th a n  cod , th e  sen so r c h an g e  c a n  s till b e  seen  c learly .
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F ig u re  5.26: T h e  response o f  the sensors m o n ito r in g  th ree  w h it in g  sam p les  m easu red  using  the 
h a n d h e ld  s c a n n e r dev ice . T h e  e r r o r  b a rs  a re  ± s ta n d a rd  d ev ia t io n , w h e re  n=3. T h e  S S R  o f  the 
best-fit c u rv e  is 0.0042, a n d  the  m id -p o in t o f  the  in fle c tio n  on  the r is e  is 51.48 h o u rs . T h e  re lease 
o f  am in e s  f ro m  w h it in g  is fa s te r  th a n  cod. H o w e v e r , the  tw o  reg ions o f  sp o ilag e  h ig h lig h te d  still 
c o r re la te  w e ll w ith  the use-by date .
In  su m m ary , th e  re su lts  sh o w n  d e m o n s tra te  th a t the  h a n d h e ld  sc a n n e r is a h ig h ly  
u se fu l a n a ly s is  to o l fo r  c o lo u r m e a su re m e n ts  o f  creso l re d  sen so rs  ap p lied  to  the 
d e te rm in a tio n  o f  sp o ilag e  in  p ack a g e d  fish.
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5.5 Conclusions
A  p ro to ty p e  d ev ice  h as b e e n  d ev e lo p ed  th a t can  read ily  m easu re  th e  d iffu se  sca tte red  
l ig h t in ten s ity  fro m  a su rface . T h e  d e s ig n  o f  th e  dev ice  is n ea t, c o m p a c t an d  
in ex p en siv e , an d  has fea tu res  th a t en su re  true  p o rtab ility . 2 id en tica l y e llo w  L E D s at 
45° to  the  m e asu rem en t ap e rtu re  are  lo ca ted  in  th e  dev ice , an d  th e y  c o n v e rg e  w h en  
p la c e d  in  c o n ta c t w ith  a su rface . T h e  A,max o f  th e  L E D s w as d e te rm in e d  to  be  ca. 570 
nm , v e ry  c lo se  to  the  A,max o f  th e  b a s ic  fo rm  o f  creso l red. C a lib ra tio n  o f  th e  scan n er 
sh o w ed  th a t it g en era te s  re su lts  th a t a re  co m p arab le  to  a b en ch to p  in stru m en t. T he 
sen so r d o t has a lim itin g  th ick n ess  o f  ca. 500  (im  w ith  the c u rren t seam ie r se tu p  used . 
A b o v e  th is  th ic k n e ss , a lm o s t all o f  th e  lig h t is re fle c ted  fro m  w ith in  th e  sen so r dot, 
an d  n o t fro m  the  su b stra te , re su ltin g  in  a  se n so r  m e a su re m e n t b ec o m in g  in d ep en d en t 
o f  sen so r th ick n ess . T h e  re flec ted  lig h t in ten s ity  a t th e  th re sh o ld s  o f  sp o ilag e  w ere  
d e te rm in ed , and  ca lib ra tio n  o f  th e  se n so rs  ag a in s t h ead sp ace  N H 3 d e m o n s tra te d  th a t 
th e  d a ta  o b ta in e d  is c o m p arab le  to  d a ta  from  the  im ag in g  sp e c tro g ra p h  (P A R IS S ) 
sy stem . E x c e lle n t tim e -c o rre la tio n s  w e re  e s tab lish ed  b e tw e e n  th e  re fle c ted  lig h t 
in te n s ity  a t th e  th re sh o ld s  o f  sp o ilag e  a n d  th e  “u se -b y ” da te  p rin ted  o n  a n u m b e r  o f  
rea l fish  sam p les  th a t w e re  tested .
T h e  c lea r  p o in t to  be m ad e  h ere  is th a t the  sc a n n e r is a g en eric  c o lo u r  m e asu rem en t 
d ev ice  th a t can  ea s ily  d e te rm in e  th e  re flec ted  lig h t in ten sity  fro m  an y  su rface , 
a lth o u g h  it  has b een  d es ig n ed  fo r  m o n ito rin g  the creso l red  senso rs. T h e  Xmax o f  the 
L E D  su its  m a n y  p H  in d ic a to r  d y e  ch e m is tr ie s , o r ind eed  an y  co lo u r th a t is  o ran g e  - 
re d  - p u rp le . O n e  c o n cep t c o n s id e re d  in  the  d es ig n  p h ase  is to  c rea te  a “ se n so r h e a d ” 
th a t c a n  re a d ily  be  rep laced , e .g . b y  a  sc rew -ty p e  co n n ec tio n . E ach  se n so r  h ead  
w o u ld  be  id en tica l in  d esig n , b u t w o u ld  s im p ly  co n ta in  d iffe re n t L E D s a t d iffe ren t 
re q u ire d  Amax v a lu es . T h e  u se r  th e n  s im p ly  n eed s  to rem o v e  one  h e a d  an d  rep lace  it 
w ith  an o th e r. T h is  ap p ro ach  en su re s  th a t the  d esig n  can  b e  ap p lied  to  m an y  
ap p lica tio n s  th a t req u ire  an a ly s is  o f  co lo u r. T h e  s ig n a l-to -n o ise  ra tio  co u ld  b e  fu rth e r 
im p ro v ed  b y  p lac in g  th e  a m p lif ie r  c irc u it in to  the sen so r h ead , sen d in g  a n  am p lified  
s ig n a l s tra ig h t to  th e  m ic ro c o n tro lle r  box . A  re fe ren ce  m e a su re m e n t shou ld  be 
in c lu d ed  in  th e  n ex t g e n e ra tio n  d es ig n , e.g . L E D s to  m easu re  the  w av e len g th  m ax im a
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o f  b o th  th e  ac id ic  an d  b as ic  fo rm s, an d  to  m e a su re  to  iso b estic  p o in t o f  the  dye, 
w h ich  can  b e  u se d  as a n  in te rn a l re fe ren ce , s in ce  b y  d e fin itio n , it  d o e sn ’t  sh ift as the  
dye  c h a n g e s  fro m  o n e  fo rm  to  ano ther.
A d d itio n a lly , th e  c irc u itry  m a y  b e  b a tte ry -o p e ra te d , an d  th e re  is  so m e R A M  in  th e  
m ic ro c o n tro lle r  b ox , a lo n g  w ith  a sw itch  c ircu it. A  b u tto n  can  s im p ly  be  ad d ed  to  the  
b o x  th a t is  ta k e n  fo r  in -f ie ld  an a ly sis , c o n n e c te d  to  a req u ired  se n so r head . W h en  the  
u se r  p re sse s  th e  b u tto n , th e  re fle c ted  lig h t in te n s ity  ( in c lu d in g  th e  su b trac ted  b lan k  
w h e n  the  L E D s a re  p u lsed ) is  s to red  in  the  m em o ry , w ith  an  ad d ress  to  d is tin g u ish  
in d iv id u a l va lues. T h e  u s e r  can  sto re  sev e ra l h u n d re d  v a lu e s  in  th e  b o x , and  th en  
co n n ec ts  th is  to  a P C  o r  lap to p , o r  an y  c o m m u n ic a tio n s  d ev ice , to  d o w n lo ad  th e  
en tire  d a ta  th a t w as  co llec ted . T h is lev e l o f  f lex ib ility  an d  ease  o f  u se  en su re s  th a t the  
d ev ice  h as  a w id e -ra n g in g  a p p licab ility  in  th e  g en eric  fie ld  o f  c o lo u r m easu rem en t 
sc ience .
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An optical sensor was produced that can monitor the headspace levels o f volatile 
amines released from gradually spoiling fish samples. The sensor is based on cresol 
red, which is sensitive to changes in pH o f the sample headspace, physically 
entrapped into a cellulose polymer binder. A  comprehensive review was provided in 
Chapter 1 o f the background to the work performed in this thesis. Areas that were 
covered included chemical sensors, and in particular, optical sensing. The 
fundamentals o f U V-Vis spectroscopy and pH sensing were explained, with a 
substantial section devoted to pH indicator dye chemistry. Various applications o f 
pH indicators were covered, with an emphasis on methods o f immobilisation of 
indicator dyes on solid substrates for pH measurements. The ever-expanding area o f 
seafood spoilage monitoring was covered, with a review o f well-established 
techniques for freshness and spoilage determinations, and up-to-date research to 
quantify TVB-N  levels. The overall aim o f this chapter was to introduce the reader to 
the concept o f an on-package sensor that could be used for non-invasive quality 
control o f fish samples.
Chapter 2 detailed the development o f the cresol red based sensor itself. It focussed 
on the optimisation o f the sensor formulation, and the characterisation and 
calibration of the sensor. A  detailed description o f the operation o f the imaging 
spectrograph (PARISS system) was provided; this measurement system offered an 
excellent means to obtain data for all o f the chapters that followed. A  number o f 
different formulations were tested, and this included varying the ratio o f binder to 
plasticiser, the plasticiser used, the concentration o f dye in the sensor, the solvent 
used and the drying conditions o f the sensor dots after drop-coating onto PET 
substrate. An optimised procedure was developed that used 0.2 % w/v cresol red dye 
(sodium salt) in 3 % w/v cellulose acetate, with 3 % v/v dibutyl phthalate, in a 
mixture o f 1 : 1  acetone xyclohexanone. The sensors dried best in a sealed 
environment that was saturated with acetone vapour to control the rate o f drying of 
the formulation. The pKa o f the dye was shown not to shift considerably when 
trapped in the cellulose acetate film, compared to the value obtained in free solution. 
The pK a o f the dye was also shown not to significantly shift at refrigerated 
temperature, compared to room temperature. Calibration o f the sensors against
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headspace NH3 showed that the sensors have a lower LOD (at 3a) o f 0.35 ppm, with 
a linear response between 3.65-8.95 ppm headspace concentration. On the basis o f 
these results, the sensor was proposed for monitoring o f volatile amines released 
from real fish samples.
Chapter 3 demonstrated the first set o f results that used the sensor developed in 
Chapter 2 for monitoring the release o f  volatile amines from real fish samples. A  
number o f different species were tested, each with different catch profiles and 
histories. A  system that can monitor up to 24 samples in parallel was developed. It 
was clear that the sensor incorporated into a package needs to be gas-tight in order to 
obtain satisfactory data and prevent amines leaking into the surrounding 
environment. Nevertheless, the data from this chapter clearly shows that the sensor 
responds to the changing levels o f headspace amines. The sensor packaging was 
further refined to eliminate the issue o f leaking amines, and was tested against 
different deepwater fish species. The results suggest that the response o f the sensor 
gives information pertaining to the history and condition o f the samples.
Chapter 4 took this data several steps forward, by successfully establishing, for the 
first time, a time-correlation between the sensor response, the headspace TVB-N 
levels and the microbial populations o f a spoiling sample. The sensor response was 
shown to be very reproducible, with an RSD o f ca. 3 % (n=15). An excellent source 
o f fresh cod and plaice samples was traced, and this aided the project development 
immensely. The EU method for determination o f TVB-N levels o f a seafood sample 
was modified to allow the headspace TVB-N  levels to be determined. These were 
shown to follow the changing dynamics o f the sensor response as a function o f time. 
The pseudomonas species and the TVC levels were also shown to correlate over time 
with the sensor response, and this allowed the sensor response at the thresholds o f 
spoilage to be identified. Interestingly, it appears that the sensor is capable of 
indicating an early warning o f spoilage, in this case, ca. 1 0  hours before complete 
spoilage at room temperature for the cod species. The sensor responded from yellow 
(no response) to pale orange (early warning o f spoilage) to dark red to purple 
(sample fully spoiled).
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Chapter 5 combined data from the previous chapters to develop a handheld portable 
scanner that gives a measurement o f the diffuse scattered light intensity from a 
surface. It is based on 2 yellow LEDs and a photodiode at 90° to the measurement 
area, and a full explanation o f the operation o f the device was given. Through a 
series o f  calibrations o f the scanner, it was shown to offer intensity data that was 
comparable to reflectance data from the PA RISS system. A  study o f the effect o f 
sensor thickness on the reflected light intensity showed that the sensor has a limiting 
thickness o f ca. 500 pm. The response measured by the scanner at the thresholds o f 
spoilage was determined. Some supermarket-purchased samples were tested using 
the sensor/scanner combination. An excellent correlation between the “use-by” dates 
printed on the packaging and the sensor response at the spoilage thresholds was 
established. To conclude overall, the sensor is performed excellently for the task at 
hand, and the project has been seen through from conception to producing a working 
sensor that correlates to the level o f spoilage o f a packaged seafood sample.
There are a number o f areas to be targeted for future works in this project. The sensor 
may be incorporated directly onto the packaging. I f  so, packaging technologies need 
to be investigated to consider the best way forward. For example, the sensor could be 
printed by the manufacturers onto the packaging, or it could be placed on the outside 
o f the package and exposed to headspace volátiles through a small gas-sampling port. 
There is much scope in this area for further research. There are issues about placing a 
chemical sensor in close proximity with foodstuffs, e.g. the leaching o f the sensor 
material onto the food sample, which could occur in the event o f large amounts of 
condensation building up on the packaging during storage. Toxicity data needs to be 
collected and validated before any commercial applications o f the sensor can be 
considered. Furthermore, a number o f different scanner devices should be built and 
tested, in order to determine any statistical differences between different scanners.
One additional area that we are fully aware o f relates to how much information 
should be provided to the consumer. This is an on-going discussion that has many 
interesting viewpoints, and has extreme relevance for potential commercial partners. 
In a sense, this is outside the remit o f this thesis, but nevertheless is an important
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point to note. The sensor response also needs to be recalibrated for different species 
o f interest, since different species release different levels o f volatile amines during 
spoilage. One particular area that is recommended for further study is the early- 
warning spoilage window. The dye chemistry could be tweaked, for example, to 
make the sensor more sensitive to this region, and potentially could detect spoilage 
much earlier than is presently possible. Additionally, adding small amounts o f a 
substance that reacts with amines, e.g. a weak acid, could extend the working range. 
This would react with the TVB-N released during the early stages o f spoilage; thus 
the sensor would only respond at higher concentrations. This may not be necessary 
for fish spoilage monitoring, but it may be of interest as future work development o f 
an ammonia gas sensor. A ll in all, these are just some o f the areas o f further research 
that are recommended to be performed.
These are exciting times for research in the sciences. Many o f the points raised in 
this thesis are hinting at some o f the areas that the sciences are achieving. By way o f 
example, the following are the areas o f Sixth Framework EU  funding that were 
recently announced for all EU member states, covering 2002-2006:
•  Life sciences
•  Nanotechnologies
•  Aeronautics and space
•  Citizens &  governance in a knowledge-based society
•  Sustainable development
•  Information society technologies
•  Food quality and safety
There is a proposed budget o f € 17.5 billion to be distributed across each o f these 
seven areas, in order o f differing priorities. Food quality and safety, for example, is 
expected to receive € 685 million during the four year period. This is to cover seven 
key areas, which include traceability processes all along the distribution chain (given 
the term “ from the farm to the fork”) and methods o f analysis, detection and control 
o f food safety and quality. These are relevant to the work performed in this thesis.
1 9 9
The EU white paper (2000) on food safety emphasises the international dimension o f 
food quality, and describes how the EU is the world’s largest importer and exporter 
o f food. The areas o f food safety and control are global issues that are rightly being 
addressed. The EU has recognised the debate about the availability o f information 
under food quality and safety, and has invited proposals under the area o f 
“ communication: a challenge and a duty” . This addresses the clear points that are 
relevant to anybody working in the field o f food safety.
€ 3,625 million is expected to be budgeted for the area o f information society 
technologies, which includes “ the all-communicating world”  and “ the age o f ambient 
intelligence” . Many o f these aspects are being reflected in current trends in sensor 
developments. Various projects are striving to produce sensing technologies that are 
capable o f autonomous communication that can integrate as seamlessly as possible 
with current technologies, e.g. wearable sensors, to mention but one example. The 
future for chemical sensing is clear. Low-cost sensors that can generate large 
volumes o f data are increasingly o f interest across many research groups worldwide. 
Devices are becoming smaller, to a point where they can be hidden in the 
background o f our daily lives. Research into chemical sensing is at present 
stimulating and exciting, and will continue to be a main player in the sciences over 
the coming years.
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Appendix A: pH buffers
B uffers are defined  as “ substances, w h ich  b y  th e ir  p resence  in  so lu tion , increase the
am oun t o f  acid  o r  alkali that m ust be  added  to  cause u n it change in  p H ” [1]. F rom
E quation  1.10:
[ H , 0 +] o c S ^  Eq u a tio n  A . l
[A']
B uffers are typ ica lly  an acid  and  its con jugate  base, o r v ice versa. In  a  b u ffe r solution, 
bo th  [H A ] and  [A '] are kep t re la tive ly  h igh; the  p ro ton  concen tra tion  can be  tw eaked, 
b u t is op tim um  w hen  [H A ] =  [A ]. A dd ition  o f  ac id  o r base  w ill then  cause the fo llow ing 
in teractions:
H 30 + +  A ' ^ = =  H A
H A  +  O H ' ~  =^= A ' +  H 20
T hus the concen tra tion  o f  p ro tons in  so lu tion  rem ains constant. T he b u ffe r capacity , p , is 
a un it u sed  to  num erica lly  express bu ffer effects and  is defined  as a d ifferen tia l ra tio  [ 1 ]:
_ db
p  = -----  Eq u a tio n  A .2
dpH
w here db=  increm en t o f  strong base  added, 
dpH =  change in  pH .
B uffers can  be m ade up at p rac tica lly  any  pH  value requ ired , and  tab les o f  buffer 
p repara tions are  com m only  availab le  [ 1 ].
a
C o m p o s i t i o n  o f  p H  b u f f e r s  u s e d
p H X B u ffe r  C a p a c ity
1.0 6 7 .0 0 .3 1 0
1.1 5 2 .8 0 .2 4 0
1.2 4 2 .5 0 .1 9 0
1.3 3 3 .6 0 .1 6 0
1.4 2 6 .6 0 .1 3 0
1.5 2 0 .7 0 .1 0 0
1.6 16.2 0 .0 7 7
1.7 13.0 0 .0 6 0
1.8 10.2 0 .0 4 9
1.9 8.1 0 .0 3 7
2 .0 6.5 0 .0 3 0
2.1 5.1 0 .0 2 6
2 .2 3 .9 0 .0 2 2
25  m l 0 .2 M  KC1, x  m l 0 .2 M  HC1, d ilu te d  to  100 m l.
T a b le  A l :  B u f fe r s  betw een p H  1.0 and p H  2.2.
p H x B u f fe r  C a p a c ity P H X B u ffe r  C a p a c ity
2 .2 4 9 .5 0 .0 3 6 4.1 1.3 0 .0 1 6
2.3 4 5 .8 0 .0 3 5 4 .2 3 .0 0 .0 1 7
2 .4 4 2 .2 0 .0 3 4 4.3 4 .7 0 .0 1 8
2 .5 3 8 .8 0 .0 3 3 4 .4 6 .6 0 .0 2 0
2 .6 3 5 .4 0 .0 3 2 4 .5 8 .7 0 .0 2 2
2 .7 32.1 0 .0 3 2 4 .6 11.1 0 .0 2 5
2 .8 2 8 .9 0 .0 3 2 4 .7 13.6 0 .0 2 7
2 .9 2 5 .7 0 .0 3 3 4 .8 16.5 0 .0 2 9
3 .0 2 2 .3 0 .0 3 4 4 .9 19.4 0 .0 3 0
3.1 18.8 0 .0 3 3 5 .0 2 2 .6 0 .031
3 .2 15.7 0 .0 3 0 5.1 25 .5 0 .031
3.3 12.9 0 .0 2 6 5 .2 2 8 .8 0 .0 3 0
3 .4 10.4 0 .0 2 3 5.3 3 1 .6 0 .0 2 6
3 .5 8.2 0 .0 2 0 5 .4 34.1 0 .0 2 5
3 .6 6.3 0 .0 1 8 5.5 3 6 .6 0 .0 2 3
3 .7 4 .5 0 .0 1 7 5 .6 38 .8 0 .0 2 0
3 .8 2 .9 0 .0 1 5 5.7 4 0 .6 0 .0 1 7
3 .9 1.4 0 .0 1 4 5.8 42 .3 0 .0 1 5
4 .0 0.1 0 .0 1 4 5.9 4 3 .7 0 .0 1 3
50  m l 0 .1 M  K H  P h th a la te ,  x  m l 0 .1 M  HC1, 
d i lu te d  to  100 m l.
T a b le  A 2 : B u f fe r s  betw een  p H  2.2 and  p H  5.9.
b
p H X Buffer Capacity
5.8 3.6
5.9 4.6 0.010
6.0 5.6 0.011
6.1 6.8 0 .0 1 2
6.2 8.1 0.015
6.3 9.7 0.017
6.4 11.6 0.021
6.5 13.9 0.024
6.6 16.4 0.027
6.7 19.3 0.030
6.8 22.4 0.033
6.9 25.9 0.033
7.0 29.1 0.031
7.1 32.1 0.028
7.2 34.7 0.025
7.3 37 0.022
7.4 39.1 0.020
7.5 41.1 0.018
7.6 42.8 0.015
7.7 44.2 0.012
7.8 45.3 0.010
7.9 46.1 0.007
8.0 46.7 -
p H X Buffer Capacity
8.0 3.9
8.1 4.9 0.010
8.2 6.0 0.011
8.3 7.2 0.013
8.4 8.6 0.015
8.5 10.1 0.016
8.6 11.8 0.018
8.7 13.7 0.020
8.8 15.8 0.022
8.9 18.1 0.025
9.0 20.8 0.027
9.1 23.6 0.028
9.2 26.4 0.029
9.3 29.3 0.028
9.4 32.1 0.027
9.5 34.6 0.024
9.6 36.9 0.022
9.7 38.9 0.019
9.8 40.6 0.016
9.9 42.2 0.015
10.0 43.7 0.014
10.1 45.0 0.013
10.2 46.2 -
50 ml 0.1M  KII3P 04 Phthalate, 
x ml 0.1 M  NaOH, diluted to 100 ml.
T a b le  A 3 : B u ffe r s  betw een  p H  5.8 and  8.
50 ml of a mixture with rcspect to both KC1 
and H 3B O 3, x ml 0.1 M  NaOH, 
diluted to 100 ml
T a b le  A 4 : B u ffe rs  betw een p H  8 and  10.2.
1 B ates, R .G ., Determ ination o f pH: Theory &  Practice  (2nd  E d ition), W iley  &  Sons, 
N ew  Y ork, U S A , 1973, p. 107.
